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Abstract
Tissue Engineering is a new eld of the scientic research with a -
nal aim to develop techniques for regeneration, repair, maintenance
and growth of tissues or organs to overcome the limitations intrin-
sic to current therapeutic strategies. A fundamental element of this
approach is the scaold. The scaold is a 2D and 3D structure,
made with natural or synthetic material, that emulates the extra-
cellular matrix, that is it oers mechanical, topological, biochemical
and chemical stimuli to promote cellular organization, growth and
dierentiation to create a tissue with adequate functional and mor-
phological characteristic. Scaolds are therefore characterized by
peculiar features (e.g. porosity, mechanical properties) determined
by the material and by the manufacture process. Nowadays, the ad-
ditive Rapid Prototyping (RP) techniques are the best approach to
realize complex structures, because overcome all the problem of con-
ventional (subtractive) techniques. Despite the high potential, RP
techniques are not always compatible with all materials. In particu-
lar, hydrogels, an elective class of biomaterial for scaolds realization
because the lot of features in common with the extracellular matrix,
results very dicult to be processed. To overcome these limitations
and take advantage of all benets of rapid prototyping, indirect rapid
prototyping (iRP) was developed, that is the realization of scaold or
other structures starting from sacricial molds realized by RP. The
iRP oers the benets to fabricate composite scaold realized with
dierent materials, with less waste and high delity in the realiza-
tion of the designed structure. One of the critical aspect of this class
of realization process is the extraction of the nal object from the
mold. A possible solution, proposed in this research, is to realize the
mold with low melting point materials, dissolving the mold at the
end of the process without damaging the scaold. Moving in this
direction, the attention of this research is focused on two classes of
materials, low melting point waxes and agarose. Two alternative RP
techniques have been evaluated: new modules of the PAM2 , a con-
tinuous ow system, and a inkjet-based device have been designed
and realized to test the feasibility of this approach. In addiction,
an alternative approach to fabricate agarose microstructure, by ex-
ploiting the dierent agarose gelling ability in DMSO and water, has
been proposed. In a future perspective, casting of the desired ma-
terial, which may include also cells, should be performed directly in
the surgery room using an anatomical shaped mold designed on the
patient needs. Following this approach, two plugins for bioimages
de-noising and segmentation, based on the ITK library, have been
implemented for the OsiriX software. To further test the versatility
of the two microfabrication devices, other applications have been ex-
plored, such as the realization of microuidic circuits using PAM2 or
printing carbon nanotubes suspension for polymeric actuators.
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Introduction
Tissue Engineering (TE) is an interdisciplinary eld in which knowledges from
physics, chemistry, biological sciences and engineering are combined to design,
built, modify, growing up and maintenance living tissues (1), with the aim to
overcome the intrinsic limits of traditional approaches based on transplants (lack
of donors (2) and histocompatibility problems(3)) and of articial prothesis (in-
ammatory response (4) and complexity of biologic systems (5)).
In the scaold based TE (6, 7), the construction of a bioarticial tissue be-
gins with a in-vitro formation, in an environment which provides mechanical
and metabolic support, of a tissue construct starting from cells seeded onto a
scaold. The scaold usually is porous a structure realized in a suitable geom-
etry (8) using a degradable biomaterial, often modied to be adhesive for cells
or selective for a specic cell type. The scaold provides mechanical stability to
the tissue construct in the short term and gives a support for the three dimen-
sional organisation of cells until the tissue completion; as the tissue grows up the
material is degraded by hosted cells with a rate similar to the biosynthesis rate
of extracellular matrix (ECM). In a second phase, this construct is implanted
in the appropriate anatomic site, where there is the in-vivo remodeling for the
construction of functional architecture of the tissue or the organ. Some steps
can be omitted: for example, to engineer cardiac valves or blood vessels, de-
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cellularized tissues have been used as scaold to attract endogenous cells (9).
The realization of 3D tissue substitutes requires also a biological model, i.e. an
appropriate source of proliferating not-immunogenic cells, with appropriate bi-
ological functions, a protocol for cells expansion which not alters the specic
phenotype, and cell culture techniques which allow to reach high cell densities
(> 106cells=cm3). Stem cells could be a solution, but several problems are still
unsolved (10, 11).
The main challenge of 3D cultures is the accomplishment of a controllable
and homogeneous cell behavior within the entire 3D volume. The cell behav-
ior is characterized by both an intrinsic variability related with the properties
of the cell itself and an extrinsic variability related to the microenvironmental
properties. These two sources of variability can both induce heterogeneity of
cell fate within the 3D domain, leading to an undesired nonhomogeneous 3D
culture structure. The intrinsic variability depends only on the cell source and
cannot be controlled during the culture, whereas the extrinsic variability can be
minimized by strictly controlling the microenvironmental properties that depend
on the experimental setup used for culturing cells. Inside a bioreactor, a \liv-
ing organism" simulator, temperature, pH, O2 and metabolites concentration,
waste removal, mechanical loading (12, 13, 14) can be controlled. Biochemi-
cal (15, 16, 17), mechanical (e.g. stiness) (18, 19, 20), topological (e.g. pore
size) (21, 22, 23, 24) stimuli can be transmitted by the scaold to correctly
engineering a tissue, maintaining a complete functionality. Biocompatibility,
bio-degradability and bio-absorbability with a controlled degradation rate bal-
anced with cell growth in-vitro and/or in-vivo (25, 26), sterilizability (27) and
reproducibility (28) are other fundamental properties of scaolds.
Research on design and realization of 3D scaold is directed on polymeric
materials and bioceramics. Biological (natural) polymers are usually ECM com-
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ponents, as collagen, elastin, hyarulonic acid or can be polysaccharides with
vegetal origin, as alginate and agarose (29, 30). The ECM itself was used with
some success as scaold material (31). The main advantage of biological poly-
mers is that they mimic ECM and so are an ideal environment for cell growth,
ensuring also atoxicity and cellular adhesion. The drawback is that they are
less resistant both from mechanical and chemical point of view, are less stable
and more expensive. Most of the natural polymers can be formed into hydro-
gels, colloids formed by long polymeric chains with high water content (up to
99%), representing an ideal class of material to realize bioinspired scaold for the
strong analogies with ECM (26). Synthetic (man-made) polymers are more ex-
ible, more predictable and more processable into dierent size and shape respect
to natural origin polymers. Their physical and chemical properties can be easily
modied and the mechanical and degradation characteristics can be altered by
their chemical composition of the macromolecules: functional groups and side
chains can be linked to peptides or other bioactive molecules (26). The most ex-
tensively used synthetic polymers are poly-glicolic acid (PGA), poly-lactic acid
(PLA) and their copolymers, polycaprolactone (PCL) and polyethylene glycol
(PEG). Hydrogels from synthetic polymers, mainly based on PEG-based poly-
mers, result less suitable for scaold realization respect the natural counterpart,
because the citotoxicity of the crosslinking agents. Bioceramic materials, mainly
used in bone-tissue engineering applications, includes hydroxyapatite, the inor-
ganic component of bone, three calcium phosphate, bioglasses and glass ceramics
(24). In general, ceramic biomaterials are able to form bone apatite-like material
or carbonate hydroxyapatite on their surface, enhancing their osteointegration.
Brittleness and slow degradation rates are disadvantages associated with their
use. Examples of combination of natural and synthetic polymers together with
3
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bioceramic materials are numerous with the aim to integrate the best features
of each components (32, 33, 34).
Porosity, biocompatibility and biodegradability, together with other nal
properties of the scaold, often, are induced by manufacturing techniques. To
realize three dimensional scaolds can be used several techniques, from more
conventional, such as textile techniques, molding processes, until the more re-
cent microfabrication techniques which use a Rapid Prototyping approach.
The term Rapid Prototyping (RP) indicates a group of technologies that
allows the automatic realization of physical model based on design data using
a computer. Rapid prototyping processes belong to the generative1 (or addi-
tive) production processes. In contrast to abrasive (or subtractive) processes
such as lathing, milling, drilling, grinding, eroding, and so forth in which the
form is shaped by removing material, in rapid prototyping the component is
formed by joining volume elements. This approach applied to tissue engineering
takes the name of bioprinting (35), dened as the use of computer-aided trans-
fer processes for patterning and assembling living and non-living materials with
prescribed 2D or 3D organization in order to produce bio-engineered structures
serving in regenerative medicine, pharmacokinetic and basic cell biology stud-
ies. Bioprinting can be inserted in the broader eld of Computer Aided Tissue
Engineering (CATE), the application of advanced computer-aided technologies
to tissue engineering problems (36).
In general, RP techniques follow a CAD/CAM approach (Computer Aided
Design/Computer Aided Manufacturing). Practically, the design of the object is
done using a computer (CAD) which then sends to the machine the instructions
1Generative production processes is the generic (seldom used in practice) to indicate a
additive production process. More common are the expression solid freeform manufacturing
(SFM), or solid freeform fabrication (SFF) which emphasizes the ability to produce framed
solids by means of free form surfaces.
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to obtain the desired shape (CAM), fabricated layer by layer. In some cases
(especially in biomedical eld) the geometry is extrapolated by dedicated seg-
mentation algorithms (see sec. 1.3), from CT scan or RM scan. To proceed with
the production of a rapid prototyping model it is rst necessary to establish the
auxiliary geometries (supports, walls, etc) (if) required for the construction and
to establish the machine parameters. Finally, all data, the geometry and the
supports, are together sliced into layers by mathematical means providing the
layer information that, together with machine specic parameters, is necessary
for the production of each layer (37). The two-dimensional layer is shaped (con-
toured) in an (x-y) plane. The third dimension results from single layers being
stacked up on top of each other, but not as a continuous z-coordinate. So, in
the strict sense, rapid prototyping processes are therefore 21/2D processes, that
is stacked up 2D contours with a constant thickness. Joining the layers in the
z-direction with one other is achieved in the same way as joining them in the
x-y direction. The energy or the amount of binder necessary for the joining on
(it depends on the tecnology used) is proportioned in such a way that not only
the layer itself but also part of the preceding layer is aected and thus joined to
the new layer. For the implementation of the rapid prototyping principle several
fundamentally dierent physical processes are suitable:
 Solidication of liquid materials (e.g photo-polymerization process (38));
 Generation from the solid phase:
{ incipiently or completely melted solid materials, powder, or powder
mixtures (extrusion (28), ballistic (39) and sinter processes (34));
{ conglutination of granules or powders by additional binders (3D printer
approach (40));
5
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 Precipitation from the gaseous phase (e.g. Laser Chemical Vapor Deposi-
tion (41)).
Other classications have been also proposed (42). An important parameter
to choose between dierent rapid prototyping techniques is the used material,
in particular the chemical-physical properties which interact with the working
methods of manufacture process. Most of fabrication techniques described above
requires particular conditions (of pressure or temperature) which limits the ma-
terial choice to realize 3D structure to synthetic polymers; a natural polymer as
collagen, which has a low degradation temperature (40C), cannot be processed.
As alternative, scaold realization using natural biomaterial can be obtained
by indirect fabrication techniques, starting from sacricial mold realized by RP
processes. This techniques, known as indirect Rapid Prototyping (iRP) or in-
direct Solid Freeform fabrication (iSFF) (42) seems to be the most promising
indirect fabrication technique, which allows in any case a satisfactory control on
the external and internal scaold architecture (tab. 1).
Technology Casted material Ref.
3D printer (3DP) PLA (43)
Photopolymer 3DP Paran wax (44)
wax printer HA (45)
HA/TCP (46)
Collagen (39)
Stereolithography Thermoplastic Elastomer (47)
HA (48)
Table 1: Examples of indirect rapid prototyping
So, overcoming the limits and taking the advantages of RP, the iRP process
allows:
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 realization of composite scaolds, that are scaolds realised with a wide
range of (bio-)material that are incompatible with other fabrication tech-
niques;
 less waste of row material;
 high delity in the scaold realization respect to other RP techniques.
Figure 1: Rapid Prototyping process - Flow work of a RP process, from
image segmentation to realization.
One of the critical aspect of this approach is the extraction of the scaold from
the mold. Mechanical extraction may result in a damage due to scaold fragile
structure. Another solution is to melt the mold in a solvent (usually organic) and
to wash the scaold to eliminate traces of solvent and of the mold. This approach
brings with itself a potential toxicity, and does not allow an immediate extraction
of the piece from the mold (melting times are around twelve hours). A possible
solution is to realize the mold with low melting point materials, dissolving the
mold at the end of the process without damaging the scaold. Moving in this
direction, the attention of this research is focused on two class of materials, low
melting point waxes and agarose, and on two microfabrication techniques: new
7
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modules of the PAM2 system, and a inkjet-based device have been designed and
realized to test the feasibility of this approach. In particular, an alternative
approach to fabricate agarose microstructure, by exploiting the dierent agarose
gelling ability in DMSO and water, have been proposed. In a future perspective,
casting of the desired material, which may include also cells, should be performed
directly in the surgery room using an anatomical shaped mold designed on the
patient needs extrapolated from tomographic data (e.g. CT and MR scan).
Following this approach, two plugins for bioimages de-noising and segmentation,
based on the ITK library, have been implemented for the OsiriX software. To
further test the versatility of the two microfabrication devices, other applications
have been explored, such as the realization of microuidic circuits using PAM2
or printing carbon nanotubes suspension for polymeric actuators.
This research project will be deeply described in the various chapter of this
book, using g. 1 as guide. The rst chapter will describe the procedure to ex-
tract geometrical information from bioimages, analyzing in detail two purposely
developed plugins. The second chapter is dedicated to PAM2 system, and to
the micro-processing of paran wax. The inkjet based device, called Penelope,
and the fabrication of agarose microstructures are treated in the third chapter,
where the design of the system and mathematical modelling of fabrication pro-
cess are described. The analysis of drop impact, to evaluate stress acting on
ink-containing-cell, concludes this chapter. The fourth and last chapter gives
an overview on possible applications investigated in this work using PAM2 and
Penelope.
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Chapter 1
Image Analysis
Computer-Aided Tissue Engineering (CATE) enables the application of advanced
computer-aided technologies and engineering principles to derive systematic so-
lutions for complex tissue engineering problems (36). One of the bases of this
new eld is the representation and modeling of tissues and organs and their 3D
reconstruction through design and fabrication of biological tissue systems and
scaolds at dierent hierarchical levels using a CAD/CAM approach. Virtual
reconstruction of an anatomical parts starting from tomographic data is the topic
of this chapter, which describes two plugins purposely developed in this research
to de-noise and segment bioimages using OsiriX, an opensource image processing
software dedicated to DICOM images.
1.1 ITK and OsiriX
In the Rapid Prototyping approach, the realization of custom made scaolds,
based on the patient specic needs and anthropometric data, begins with the
virtual reconstruction of the anatomical part to be fabricated. For the extraction
9
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of topological information from medical images, during this research two OsiriX
plugins, based on the ITK library, have been developed.
1.1.1 ITK
The Insight Toolkit (ITK) is an open-source software toolkit (49, 50) for per-
forming registration1 and segmentation2. ITK is implemented in C++, following
the generic programming approach, so that the same code can be applied gener-
ically to any class or type that supports the operation used; it is so possible to
write software in terms of one or more unknown types T. At compile-time, the
compiler makes sure that the templated types T are compatible with the istanti-
ated code and the types are supported by the necessary methods and operators.
Another important features in ITK is the memory management, which is imple-
mented through reference counting, that is a count of the number of references
to each instance is kept. When the reference goes to zero, the object destroys
itself. In garbage collection, another popular approach in memory management,
a background process sweeps the system identifying instances no longer refer-
enced in the system and deletes them: the actual point in time at which memory
is deleted is variable and this is unacceptable when an object size may be very
large (think of a large 3D volume gigabytes in size). Reference counting instead
deletes memory immediately (once all references to an object disappear). The
ITK subsystems used in the developed plugins are listed below:
Data processing pipeline. The data representation classes (known as data
objects) are operated on by lters that in turn may be organized into data
1Registration is the task of aligning or developing correspondences between data. For
example, in the medical environment, a CT scan may be aligned with a MRI scan in order to
combine the information contained in both.
2Segmentation is the process of identifying and classifying data found in a digitally sampled
representation, as CT an MRI image dataset (see section 1.3)
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ow pipelines. These pipelines maintain state and therefore execute only
when necessary;
Level Set Framework. The level set framework is a set of classes for creating
lters to solve partial dierential equations on images using an iterative,
nite dierence solvers including a sparse level set solver, a generic level
set segmentation lter.
1.1.2 OsiriX
OsiriX (51) is an image processing software dedicated to DICOM images1 pro-
duced by imaging equipment (MRI, CT, PET, PET-CT, SPECT-CT, Ultra-
sounds, ...). It is fully compliant with the DICOM standard for image com-
munication and image le formats. OsiriX has been specically designed for
navigation and visualization of multimodality and multidimensional images pro-
viding 2D, 3D, 4D (3D series with temporal dimension) and 5D Viewer (3D series
with temporal and functional dimensions). The 3D Viewer oers several ren-
dering modes: Multiplanar reconstruction (MPR), Surface Rendering, Volume
Rendering and Maximum Intensity Projection (MIP). All these modes support
4D data and are able to produce image fusion between two dierent series (e.g.
PET-CT). OsiriX is so at the same time a DICOM PACS (picture archiving and
communication system (52)) workstation for imaging and an image processing
software for medical research (radiology and nuclear imaging). It results easy-
to-use by clinician in the perspective of an active collaboration for the scaold
design. OsiriX supports a complete plugins architecture that allows to expand
1The Digital Imaging and Communication in Medicine (DICOM) Standard allows inter-
operatibility of medical imaging equipment by specifying a set of media storage services, a
le format, and a medical directory structure to facilitate access to the images and related
information stored on interchange media.
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the capabilities of OsiriX, using Cocoa framework (Objective-C language), and
the ITK library, already embedded into the software.
1.2 Edge Preserving Smoothing Plugin
Real image data has level of uncertainty that is manifested in the variability of
measures assigned to pixels. This uncertainty is usually interpreted as noise and
considered an undesirable component of the image data. Blurring is the tradi-
tional approach for removing noise from images. It is usually implemented in
the form of convolution with a kernel. The eect of blurring on the image spec-
trum is to attenuate high spatial frequencies. The drawback of image denoising
(smoothing) is that it tends to blur away the sharp boundaries in the image
that help to distinguish between the larger-scale anatomical structures that one
is trying to characterize (which also limits the size of the smoothing kernels in
most applications). Even in cases where smoothing does not obliterate bound-
aries, it tends to distort the ne structure of the image and thereby changes
subtle aspects of the anatomical shapes in question. An alternative approach,
proposed with the implemented plugin, is an the so called anisotropic diusion
(also called nonuniform or variable conductance diusion)(53). The motivation
for anisotropic diusion is that Gaussian smoothed image is a single time slice
of the solution to the heat equation, that has the original image as its initial
conditions. Thus, the solution to
@g(x; y; t)
@t
= r  rg(x; y; t); (1.1)
where g(x; y; 0) = f(x; y) is the input image, is
g(x; y; t) = G(
p
2t)
 f(x; y) (1.2)
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where G() is a Gaussian with standard deviation . Larger values of  corre-
spond to images at coarser resolutions. Anisotropic diusion includes a variable
conductance term that, in turn, depends on the dierential structure of the im-
age. Thus the variable conductance can be formulated to limit the smoothing
at "edges" in images, as measured by high gradient magnitude, so encouraging
intraregion smoothing in preference to interregion smoothing:
gt = r  c (jrgj)rg; (1.3)
where, for notational convenience, the independent parameters of g are implied
and the partial derivative is expressed using the subscript notation. The function
c (jrgj) is a fuzzy cuto that reduces the conductance at areas of large jrgj, and
can be any of a number of functions. The literature has shown
c(jrgj) = e  jrgj
2
2k2 (1.4)
to be quite eective. Notice that conductance term introduces a free param-
eter k, the conductance parameter, that controls the sensitivity of the process
to edge contrast. Thus, anisotropic diusion entails two free parameters: the
conductance parameter, k, and the time parameter, t, that is analogous to ,
the eective width of the lter when using Gaussian kernels. Equation 1.3 is
a nonlinear partial dierential equation that can be solved on a discrete grid
using nite forward dierences. Thus, the smoothed image is obtained only by
an iterative process, not a convolution or non-stationary, linear lter. Several
research groups (54, 55) demonstrated the eectiveness of the anisotropic diu-
sion on medical images. The three anisotropic diusion lters implemented in
the proposed plugin are here described.
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Gradient anisotropic diusion
The gradient anisotropic diusion lter (53) is based on the itk::Gradient Anisotropic
Diusion Image Filter. The conductance term for this implementation is chosen
as a function of the gradient magnitude of the image at each point (eq. 1.5),
reducing the strength of diusion at edge pixels:
c(x) = e (
jjrg(x)jj
K )
2
(1.5)
This lter requires three parameters, the number of iterations to be performed,
the time step and the conductance parameter using in the computation of the
level-set evolution. Typical values for the time step are 0.25 in 2D images and
0.125 in 3D images. The number of iterations is typically set to 5; more iterations
result in further smoothing and will increase the computing time linearly.
Curvature Anisotropic Diusion
The Curvature Anisotropic Diusion lter (56) uses The itk::Curvature Anisotropic
Diusion Image Filter which performs anisotropic diusion on an image using a
modied curvature diusion equation 1.6:
gt = jrgjr  c (jrgj) rgjrgj (1.6)
where the conductance modied curvature term is
r  rgjrgj (1.7)
This lter requires three parameters, the number of iterations to be performed,
the time step used in the computation of level set evolution and the value of
conductance. Typical values for the time step are 0.125 in 2D images and 0.0625
in 3D images. The number of iterations can be usually around 5, more iterations
will result in further smoothing and will increase linearly the computing time.
The conductance parameter is usually around 3.0.
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Curvature ow
The Curvature ow anisotropic lter (57) (itk::Curvature Flow Image Filter) per-
forms edge-preserving smoothing in a similar fashion to the classical anisotropic
diusion. The lter uses a level set formulation where the iso-intensity contours
in a image are viewed as level sets, where pixels of a particular intensity form
one level set. The level set function is the evolved under the control of a diusion
equation where the speed is proportional to the curvature of the contour:
gt = jrgj (1.8)
where  is the curvature. Areas of high curvature will diuse faster than areas of
low curvature. Hence, small jagged noise artifacts will disappear quickly, while
large scale interfaces will be slow to evolve, thereby preserving sharp boundaries
between objects. However, it should be noted that although the evolution at
boundary is slow, some diusion still occurs. Thus, continual application of this
curvature ow scheme will eventually result in the removal of information as each
contour shrink to a point and disappears. The Curvature Flow lter requires
two parameters, the number of iterations to be performed and the time step
used in the computation of the level set evolution. Typical values for the time
step are 0.125 in 2D images and 0.0625 in 3D images. The number of iterations
can be usually around 10, more iterations will result in further smoothing and
will increase linearly the computing time.
1.2.1 EP-plugin
Edge Preserving plugin (EP-plugin) is written in Objective-C with some parts in
C++, to interface OsiriX with ITK library. The plugin is based on the Model-
View-Controller (MVC) paradigm (see sec. 3.2.3) which allows to separate the
interface (view) from the model (lters algorithm), thanks to the coordination
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provided by a controller. The plugin architecture is divided into four dierent
classes organized as in g. 1.1:
 EPlter, the plugin entry point;
 EPFilterController, the controller class;
 ITKEPFilter3D, the model class;
 ITKEPImageWrapper.
The last class represent the rst connection between OsiriX and ITK because the
OsiriX image is wrapped and organized as an ITK image, providing the dataset
origin and size (width, height and number of slices) and voxel spacing. The
image is then processed and given back to OsiriX by the EPFilterController.
In the perspective to use this plugin as a pre-process tool for segmentation (see
Figure 1.1: Edge preserving plugin organization - Organization of EPplu-
gin, from OsiriX main window (top) to the image wrapper (bottom) class which
takes the image to be ltered. Dashed lines represent the \route" of ltered image
sec. 1.3), EP-Plugin lter can also perform a convolution with a Gaussian kernel
followed by a derivative operator, using the \Gradient Magnitude Recursive
Gaussian Image Filter" (58). The  parameter of this Gaussian mask can be
used to control the range of inuence of the image edges. EP-Filter interface can
be divided into three functional parts (g. 1.2):
16
1.2 Edge Preserving Smoothing Plugin
 Edge preserving lter parameters, to choice the lter algorithm and to set
its parameters;
 Gradient magnitude and gaussian lter parameters, to enable the gaussian
lter followed by derivative operator and set ;
 Action buttons, to trigger the lter pipeline or restore defaults parameters.
Figure 1.2: Edge preserving plugin panel - Edge preserving plugin panel,
divided into three functional parts: lters parameters, gradient magnitude and
gaussian lter parameters, and action buttons
1.2.2 Filters performances
Although an analytic analysis of the proposed lters have been performed (59),
during the present work it found out that a \practical" index on the performance
of these lter should be useful, because in literature usually performance are
given as qualitative result in form of restored image. For this purpose, tests
were performed on a phantom image (a square wave image with additive gaussian
noise equal 0.1 dB, considering the square wave power equal to 0 dB (g. 1.3))
and the signal to noise ratio (SNR) was evaluated as function of iteration number
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and conductive parameter. SNR was estimate in accord to eq. 1.9, that is as
the ratio between the variance of the signal and the variance of the noise:
SNR =
V arsignal
V arnoise
(1.9)
where as noise is considered the analyzed image minus the image without noise.
Results, summarized in g. 1.3, show that for the gradient anisotropic diusion
Figure 1.3: Edge preserving lter performance analysis - Analysis of EP
lters performances on a phantom image (a): gradient anisotropic diusion (b),
curvature anisotropic diusion (c), and curvature ow (d). The two maps (b, c)
have the same scale (from 100 to 150) expressed in dB and represent the SNR. In
scatter plot (d) the vertical axis is in dB
and for the curvature anisotropic diusion lters there is an optimum region
(more marked for the latter) in terms of iteration and conductance. For the
curvature ow, the SNR increase with iterations is less marked with additional
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iterations. To take advantage of g. 1.3, these maps should be read thinking
that is possible to have the same SNR just increasing the conductance param-
eter rather that number of iteration, because the computational cost (and so
computational time) increases linearly this parameter.
1.3 Segmentation
Image segmentation is the task of splitting a digital image into one or more re-
gions of interest. It is a fundamental problem in several area such as computer
vision, medical imaging, industrial control quality, and many dierent methods,
each with their own advantages and disadvantages, exist for the task. Image
segmentation is a particularly dicult task for several reasons. Firstly, the am-
biguous nature of splitting up images into objects of interest requires a trade
o between making algorithms more generalized or having many user specied
parameters. Secondly, image artifacts such as noise, inhomogeneity, acquisition
artifacts and poor contrast are very dicult to account for in segmentation al-
gorithms without a high level of interactivity from the user. Some common
techniques are thresholding based segmentation (60), region based segmenta-
tion (61), edge based segmentation and deformable active contour models (such
the snakes (62) and geodesic active contour models (63), analysed in the next
section). Segmented images are typically used for applications such as classica-
tion, shape analysis and measurement. In medical image processing, segmented
images are used for studying anatomical structures, diagnosis and assisting in
surgical planning. In this study, the segmentation results of bioimages are used
as input for the design of a anatomically shaped scaolds.
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1.3.1 Level-set segmentation
The level set method evolves a contour (in two dimensions) or a surface (in
three dimensions) implicitly by manipulating an higher dimensional function,
called the level set function  (x; t). The evolving contour or surface can be
extracted from the zero level set  (x; t) = 0. The advantage of using this
method is that topological changes such as merging and splitting of the contour
or surface are obtained implicitly. The level set method, initially introduced
by (64), nds application in image processing (63) and physical simulation (e.g.
multiphase ow (65)). The evolution of the contour or surface is governed by a
level set equation, a partial dierential equation (eq. 1.10) computed iteratively
by updating  at each time interval:
@ 
@t
=   jr j  F (1.10)
where F is the velocity term that determines the level set evolution. By ma-
nipulating F it is possible to guide the level set evolution to dierent areas and
shapes. Typically, for application in image segmentation F is dependent on
image features (e.g. intensities of the image in the neighborhood of a point,
gradient and edge) and on curvature values of the level set function itself (66),
as in eq. 1.11
@ 
@t
=  A (x)  r   P (x) jr j+ Z (x) jr j (1.11)
where A is an advention term, P is a propagation (expansion) term, and Z is a
spatial modier term for the mean curvature . The scalar constants , , and
 weight the relative inuence of each terms on the movement of the interface
(58). A segmentation lter may use all of these terms in its calculations, or it
may omit one or more terms. The meaning of each term is explained in the
following list:
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Propagation P ; it is proportional to the value of the feature image. If the
constant of proportionality  is set positive, positive values of the feature
image causes the contour to expand, if negative, to contract;
Curvature Z; it controls the shape of the evolving contour, preventing leak-
ing into adjacent structures and avoiding sharp corners. Its importance
increases in case of high curvature slowing down the contour evolution;
Advection A; it is based on the feature image: in qualitative terms, it causes
the contour to slow down as it approaches edges.
Implemented lters require so two images as input, an initial model  (x; t =
0), and a feature image, which is either the original image to be segmented or
some preprocessed version. In the implemented algorithms, the feature image is
computed as function of the gradient magnitude (see sec. 1.2.1) which is passed
to a sigmoid lter. The Sigmoid Filter requires two parameters to dene the
linear transformation to be applied to the sigmoid argument ( and ):
I 0 = (Max min) 1
1 + e (
I 
 )
 +min (1.12)
where I is the intensity of the input pixel, and I 0 the intensity of the output pixel.
In the implemented plugin, the parameters are used to intensify the dierences
between regions of low and high values in the speed image. In an ideal case,
the speed value should be 1.0 (Max) in the homogeneous regions of anatomical
structures and the value should decay rapidly to 0.0 (min) around the edges of
structures. The  parameter denes the width of the input intensity range, and
 denes the intensity around which the range is centered1. In this way the
1The heuristic for nding the values is give by (58): from the gradient magnitude image,
K1 the minimum value along the contour of the anatomical structure to be segmented, and
K2 an average value of the gradient magnitude in the middle of the structure; the suggested
value for  is (K1+K2)/2 while the suggested value for  is (K2-K1)/6
21
1. IMAGE ANALYSIS
Figure 1.4: Sigmoid lter transform function - Intensity transform function
of sigmoid lter: eect of  (a) and  (b) parameters
propagation speed of the front will be very low close to high image gradients
while it will move rather fast in low gradient areas. This arrangement will make
the contour propagate until it reaches the edges of anatomical structures in the
image and then slow down in front of those edges.
Shape detection algorithm
The shape detection algorithm implementation, based on (67), uses the itk::Shape
Detection Level-Set Image Filter. Contour evolution is guided by two terms: a
propagation P term based on the feature image and a curvature-based term Z.
The latter acts as a smoothing term where areas of high curvature, assumed to
be due to noise, are smoothed out. Scaling parameters are used to control the
tradeo between the expansion term and the smoothing term. This lter so ex-
pects two inputs, the rst being an initial level-set in the form of an itk::Image,
and the second being the feature image. The initial level-set is provided using,
as proposed in (58), a FastMarchingImageFilter (with a constant speed) as the
distance function with a set of user-provided seeds. Once activated, the level
set evolution will stop if the convergence criteria or the maximum number of
iterations is reached. The convergence criteria are dened in terms of the root
mean squared (RMS) change in the level set function. The evolution is said to
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have converged if the RMS change is below a user-specied threshold.
Geodesic Active Contours algorithm
The Geodesic Active Contours algorithm implementation, based on (68), uses
the itk::Geodesic Active Contour Level Set-Image Filter. ITK implementation
(58) extends the functionality of the itk::Shape Detection Level Set Image Filter
by the addition of a third advection A term which attracts the level set to the
object boundaries. This lter expects two inputs: an initial level set in the form
of an itk::Image, and the feature image, both given as for the Shape Detection
Level Set Image Filter. Also this algorithm will stop if the convergence criteria
(RMS of the change) or the maximum number of iterations is reached.
1.3.2 LS-segmentation plugin
Level set segmentation lter plugin, as the EP lter plugin, is written in Objective-
C with some parts in C++, following the Model-View-Controller (MVC) paradigm
(see sec. 3.2.3). The plugin architecture is divided into four dierent classes or-
ganized as in g. 1.5:
 LSSegmentationlter, the plugin entry point;
 LSSegmentationController, the controller class;
 ITKLSSegmentaionFilter3D, the model class;
 ITKLSImageWrapper
In contrast to the EP-lter which returns an image, LS-segmentation lter cal-
culates and returns to OsiriX a region of interest (ROI). This region is obtained
thresholding the level-set function at the zero level: this \binary mask" is then
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passed to an OsiriX' ROI object and visualized. The lter implementation fol-
lows the suggestion of (58), using the FastMarchingImageFilter to obtain the
initial level set. This algorithm requires the user to provide a seed point from
which the contour will expand. The user can actually pass not only one seed
point but a set of them. A good set of seed points increases the chances of
segmenting a complex object without missing parts. The use of multiple seeds
also helps to reduce the amount of time needed by the front to visit a whole
object and hence reduces the risk of leaks on the edges of regions visited earlier.
LSsegmentation plugin panel can be divided into ve functional parts (g. 1.6):
Figure 1.5: Level Set plugin organization - Organization of Level Set seg-
mentation plugin, from OsiriX main window (top) to the image wrapper (bottom)
class which takes the image to be segmented. Dashed line represent the \route"
of the segmented region.
 Main viewer information, which provide information about the dataset,
mouse position and pixel value, and allows to enable the lter to collect
seeds points;
 Pre-processing parameters for feature image ( and );
 Segmentation algorithm parameters, which allows to choice segmentation
algorithm and to set its parameters;
 Segmented region parameters, to set the ROI name and colour;
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 Action buttons, to perform segmetation, to reset parameters or cancel
seeds.
Figure 1.6: Level Set plugin lter panel - Level set plugin panel divided into
ve parts: Main viewer information, pre-processing for the feature image, seg-
mentation algorithm parameters, segmented region parameters and action button
1.4 Concluding remark
The edge-preserving smoothing lter plugin and the Level-Set segmentation plu-
gin here presented are already available in the plugin library of OsiriX software,
receiving the approval from the software developer team (g. 1.7). Following the
pipeline smoothing - edge enhancement - segmentation it is possible to obtain
the desired ROI. A complete interaction with Penelope inkjet printer (see section
3.2) is already available: the segmented region can be transformed (using tools
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provided by OsiriX) into a black and white image easily printed directly with
this rapid prototyping system.
Figure 1.7: EPlter and LSSegmentation plugins - Edge Preserving lter
(a) and Level-Set Segmentation (b) plugins
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Indirect -fabrication using
PAM2 system
Indirect Rapid Prototyping (iRP) consists in the realization of scaolds starting
from sacricial molds built by RP systems. Because the extraction of the scaold
from the mold is a critical point of this approach, a possible solution might be
low-melting point mold. In this perspective, this chapter shows the adaptation of
PAM2 system to fabricate molds, for gelatin-based materials, using low melting
point wax. Investigation on the fabrication of agarose microstructures, based on
its dierent gelling ability in dimethyl sulfoxide and in water, is shown at the
end of this section.
2.1 PAM2
PAM2 (69, 70, 71, 72) is a RP system for the fabrication of scaolds with a well
dened topology, using a variety of biomaterials: synthetic and natural polymers
solutions, cellular suspension (bio-ink). This system is characterized by a mod-
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ular architecture: various microfabrication devices can be placed on the vertical
axis (z-axis) of robotic positioning system with three orthogonal axis. The x-y
plane movement respect to the z-axis traces trajectories to realize a the single
layer; to built other layers the microfabrication tool is moved on a z distance
which depends on the material used to make the scaold. All microfabrication
modules have a specic mechanical layout, independent reservoirs, specic noz-
zles, and all operative parameters are controlled in an independent way. The rst
extrusion module, PAM (Pressure Activated Microsyringe), uses air-pressure to
guide low viscosity solution extrusion. The pressure module is controlled by a
pneumatic valve and the solution is extruded through glass micro-needle (with
a diameter from 10 m to 200 m) when a pressure is applied. A second ex-
trusion system, PAM2 (called also Piston Syringe), uses as driving extrusion
force a piston. The PAM2 modulus is designed to process high viscosity solution
(with viscosity higher than 10 Pas). A stepper motor is used to move down
the plunger of a syringe maintaining a constant volumetric ow. The solution,
contained into the syringe, is deposited onto the deposition plate through cylin-
drical commercial needle (with a variable diameter from 100 m to 200 m).
Always on the z axis a support for laser pen to supercially modify material, to
ablate or to promote chemical reactions (such as for hydrogel polymerization).
Two additional devices were purposely designed during this research to control
the temperature of the reservoir (TCS - Temperature Controlled Syringe) and
of the deposition plane (TDP - Temperature controlled Deposition Plate), al-
lowing PAM2 to work as fused deposition modeling system. After extrusion,
due to loss of heat by conduction the physical model is formed by solidication.
This process is outstandingly well suited for materials with a low melting point
and low heat conduction. Theoretically there is no limit on the type of material
used. In practice, however, metals and ceramics with high melting points present
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Figure 2.1: PAM2 system - PAM2 system with three microfabrication modules
mounted on the z-axis, and a hierarchical diagram of PAM2 working principle. The
box highlighted in red are investigated in this chapter
enormous problems with regard to the melting, the temperature gradient on the
model, and also the required preheating of the workroom, while this approach
has very good results with thermoplastic polymers.
2.1.1 PAM2 modules
This part of research was included in the publication (72), The PAM2 system: a
multilevel approach for fabrication of complex three-dimensional microstructures
Power-supply module
The power supply module was designed to provide power for all devices contained
in the PAM2 case (assembled during this work), but in the same time to be
enough exible and open to allow connections (also temporary using wires) with
other devices. All the PAM2 devices are characterized by low power and dierent
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supply voltages: pressure regulator (ITV 2000, 24V, 2A), Phidgets interfaceKit,
arduino duemilanove (5V), and a stepper motor (9V). The architecture of the
circuit is shown in the upper part of g. 2.2, and consists of a cascade of
LM78xx (7824, 7812, 7809) voltage regulators, and a LM317, an adjustable
voltage regulator. A control led is provided at the end of this cascade. As shown
in the bottom part of gure 2.2, connectors are also placed on the panel for an
easy connection to experimental devices.
Figure 2.2: PAM2 power supply - PAM2 power supply schematic circuit
(upper part) and the external panel of the case
Temperature controlled syringe - TCS
The temperature controlled syringe (TCS) module was designed to control the
temperature of inks. The TCS (g. 2.3-a) is essentially composed of an alu-
minum jacket holding a commercial sterile syringe. Thanks to its design, TCS
can be mount or on a position controlled mechanical stage (similar to PAM2),
thus both temperature and volumetric ink ow rate can be controlled, or di-
rectly on the z-axis, and in this case the extrusion pressure can be controlled
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(PAM system). It is important to note that the aluminum jacket was designed to
rmly hold the syringe, so no losses (in temperature or outow resolution) occur
during ink extrusion. Commercial syringes (e.g. 1, 2 and 5 ml) and cylindrical
nozzles (diameter ranging from 100 m to 500 m) can be used with TCS. To
control the performance of the TCS device, sensor and heating element are con-
nected to the I/O controller (Phidgets InterfaceKit 8/8/8, Phidgets Inc, USA).
The temperature control algorithm follows a closed-loop approach to maintain
the target temperature in the aluminum jacket during material processing. The
control algorithm was based on a step strategy: a specic threshold value (de-
ned respect to the initial temperature of the device) was used to enable/disable
the heating element. With this approach problems due to thermal conductance
were reduced, as demonstrated by the dynamic performance (e.g. heating tem-
perature range, temperature error and dynamic interaction) shown in g. 2.3-b.
As shown g. 2.3-b, once the target temperature is reached a ner temperature
Figure 2.3: TCS module - Temperature controlled syringe module mounted
directly on z-axis of PAM2 system (a) and its working performances
threshold is applied by the control algorithm, and the target temperature can be
maintained in time (with error of 1.5C respect to target value). The dynamic
performance of the TCS module was recorded at dierent target temperatures
(i.e. from 40C to 70C). On the TCS module, in addiction, a blade can be
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mounted (g. 2.3-a) to remove the excess of deposited material. The blade is
took in position thanks to a magnetic xation device, it is placed at the same
height of the tip of the needle, and it is thermally insulated from the rest of TCS
device. Thanks to this solution (not unusual with devices that work with wax
material (37)), some processing defects (see sec. 2.4) can be eliminated.
Temperature controlled deposition plane - TDP
The Temperature controlled Deposition Plane (TDP) was designed to control the
temperature of the deposition plate (g. 2.4-a) of PAM2 system. TDP operation
is based on a Peltier cooler/heater element (or thermoelectric heat pump), a
solid-state active heat pump which transfers heat from one side of the device to
the other against a temperature gradient (from cold to hot), with consumption
of electrical energy. In TDP, a 10  10 mm Peltier element (thermoelectric
module 21.2 W, 2.9 A) is inserted between an aluminum plate (100 100  10
mm, used as deposition plane), an a heatsink. A fan (DC radial blower) was
used to promote the heat removal from the heatsink and thus help the cooling
phase. To control the temperature of the aluminum plane, a standard NTC
Figure 2.4: TDP module - Temperature controlled deposition plate module
(a): it is possible to note the fan (on the right) to facilitate cooling of the bottom
layer of the Peltier cell, and so increasing the device eciency; TDP working
performance (b)
resistor temperature sensor was placed in contact with the plane and a H-bridge
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driver (L298) was used to control the direction of current in the Peltier cell
switching from cooling to heating, and viceversa. All the devices were connected
and controlled through a I/O board (Interface kit 8/8/8, Phidgets Inc., USA). In
particular the TDP has cooling and heating rate values respectively of 1Cmin 1
and 1.5Cmin 1. Temperatures in the range of 18-45C can be controlled with
maximum errors of 0.5C (g. 2.4-b).
PAM2 Camera - pCam
pCam is an additional device of PAM2 system to evaluate the needle-deposition
plane distance. The pCam module consists of two parts: (a) HD camera (Mi-
Figure 2.5: pCam device and software - pCam: device mounted together
with TCS and TDP modules (a), and software to evaluate the needle-deposition
plane distance (b)
crosoft Life Cam HD 6000) with resolution of 1280  800 px and 66 diagonal
eld of view, mounted on a dedicated mechanical frame fastened with the depo-
sition plane, and (b) control software written in Matlab (The MathWorks, Inc.).
The system (mechanical frame and software) was optimized to work with the
TCS and TDP modules (g. 2.5-a).
pCam uses a HD stream video to acquire a picture of the needle and the
deposition plane of PAM2 system, and evaluate the distance between these two
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objects using a segmentation (see sec. 1.3) approach (g. 2.5-b). An edge de-
tection algorithm (Canny) is applied to the region of interest of the image. The
revealed edges dene two bigger regions (needle and plane), automatically recog-
nized using Matlab regionprops function1. The distance between the bounding
boxes of these regions is the searched distance. Because pCam uses just one
camera, some preventive measurements are necessary to avoid perspective er-
rors: the distance between the camera and the needle has to be in an optimal
range (9 cm), the camera optical axis has to lie on the deposition plane. If
the latter condition is satised, the needle-deposition plane distance is, from the
camera point of view, equal to the distance between the needle and the edge
of deposition plane, which is easy to recognize in the segmented image. To
evaluate the error introduced by optical misalignment respect to the deposition
plane, optical geometrical calculation were performed, following the scheme of
g. 2.6. When the camera is in the right position, points A and B (the edge of
deposition plane) are mapped on the same point C, so the needle - deposition
plane distance AN and the needle-B distance BN are mapped into the segment
CM . Instead, when the camera is moved up (or down, for symmetry), A and B
points are mapped in the E and D points respectively: AN is mapped into the
segment DR while BN is mapped into ER segment. The error introduced by
this vertical movement of the camera is the equal to ER   DR, named \e" in
the gure. It is possible to demonstrate basing on similarities between triangles
(AFH-AMD and BFH-BME) that
e =
h  a  c
b  (a+ b) (2.1)
1Automatical recognition is it possible thanks to the well dened structure of the region of
interest: high contrast respect to the background, always same lighting, relative large distance
between the two objects
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Inserting in the 2.1 the value of a = 2 cm, b = 0.7 cm, c = 0.1 cm, for a vertical
movement h = 0.1 cm the error is equal to 3 m. Taking in consideration
the camera technology (CMOS) this error was estimated to correspond at a
maximum of 3 pixel, that is 180 m in the nal image (60 m each pixel).
Other sources of error are discretization ( 20m) and segmentation algorithm
( 20 m). All these contributes aects the precision of measurement system,
that was found experimentally to be 30 m (expressed as standard deviation of
the mean).
Figure 2.6: pCam scheme - pCam scheme for the calculation of the perspective
error
2.2 Microfabrication of wax material
This section, after an introduction on paran waxes, chosen to realize low melt-
ing point molds, describes all preliminary tests necessary to nd the process
parameters for the PAM2 microfabrication system: drop formation, interaction
with the deposition plate and volumetric shrinking.
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2.2.1 Paran wax
Wax is a generic term with which people use to indicate a material with the
following properties:
 workability at room temperature;
 average melting point (Tm) at 44C;
 low viscosity in fused state (510 3 Pas);
 not soluble in water;
 hydrophobic, that means a contact angle bigger than 90 (e.g. for paran
wax is 107).
From chemical point of view, waxes are a mixture of long chains of fatty
acids esters (14 - 30 carbon atoms (C)) and long chain of alcohol (from 16 to 30
C) usually with one group. Waxes can be divided in low or high melting point,
or, on the basis of their origin, it is possible to discriminate waxes in animal,
vegetable, mineral and synthetic. Some application a wax materials to tissue
engineering are listed in table 2.1.
Application Type Fabrication Technique Ref.
Porogen agent Paran Casting and leaching (73, 74)
Sacricial mold InduracastR Piezo 3D printer (39, 46)
Paran Casting into a RP-made mold (44)
Table 2.1: Wax applications in Tissue Engineering
The attention of this research was focused on paran waxes. Paran waxes
consist of mixtures of mainly normal alkanes (75). The amount of normal alkanes
usually exceeds 75% (and may reach almost 100%), with the rest consisting of
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mostly iso-alkanes, cyclo-alkanes, and alkyl benzene. The molecular weight of
hydrocarbons in a paran wax is in the range of about 280-560 (C20-C40), with
each specic wax having a range of about 8 to 15 carbon numbers. Melting
point, a cuto parameter for this research, increases with the number of carbon
atoms (75), and restricts the choice to paran mainly composed by alkanes
with 20 (eicosane, Tm of 36.6
C) and 26 (exacosane, Tm 56.3C) carbon atoms.
Experiments were performed using the Erstarr paran wax (Merck) with melting
point comprised between 51-53C and density of 900 kg/m3.
2.2.2 Drop Formation
One of the most important parameter of the continuous ow microfabrication
technique is the distance between the needle and the deposition plane. The
optimal distance, for PAM2 technique, is of the same order of magnitude of the
radium of the drop formed on the tip of the needle. This value depends on the
diameter and on the material of the needle, on the extrusion pressure, and on
the type of extruded material. Paran drop formation at the tip of the needle is
depicted in g. 2.7-a and a scheme of the physical system is described in g. 2.7-
b. The drop on the top of the needle grows up until its weight exceeds the surface
tension forces that keep it attached to the needle, and at this point the drop falls
down. The surface tension acts along the contact line between the liquid and the
needle, which is a circle of diameter equal to the needle diameter Dc; it induces
a force equal to Fc = Dc directed along the tangent of the surface liquid/gas
ad the verse is dictated by the fact that surface tension tends to \seal" the drop.
In contrast to drops forming from a non-wettable nozzle, drops initially rise due
to the capillary force when emerging form a wettable nozzle (the case of this
research (76)) Other than surface tension, the gravity and the viscous resistance
are the other forces that act the drop formation process. At the beginning the
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Figure 2.7: Drop formation - Paran drop formation at the tip of the needle
(a) and a scheme of the physical system (b)
rst phenomenon is the ascending of the liquid along the capillary because of
the eect of surface tension; after that, the drop weight tends to overcome on
the surface tension and on the viscous forces and causes the drop detachment. If
the liquid ow is increased, the liquid ascension is reduced, because the weight
force dominates on the all forces. If the ux is high, the liquid has not the
time to create a minimum contact with the needle surface and there is jet of
liquid. Usually, the liquid pressure is much more elevated than the atmospheric
pressure because action of the surface tension, so the liquid assumes a spheric
shape. Immediately before the drop is falling down, a force balance allows to
calculate the maximum dimension Dd of the drop diameter. The physical system
of g. 2.7-b in which the drop is created by a needle can be described by the
following equation (eq. 2.2):
d(MV )
dt
= (Dc) cos() 2L V
ln(
Dp
Dc
)
 Mg (2.2)
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whereM is the uid mass, V is the vertical velocity,  is the angle at the contact
between the needle and the drop, Dp is the drop diameter, Dc is the needle
external diameter and L is the length of the needle wetted by the drop. It was
demonstrated (76) that the contribution of the viscous resistance is negligible
respect to other terms that are capillary forces and gravity. At the equilibrium,
just before the drop detachment, a force balance gives the following result (eq.
2.3):
Dc cos() = g

D3d
6

(2.3)
where the drop mass is expressed as function of liquid density  and drop volume.
From eq. 2.3 it is possible to obtain the theoretical drop diameter as function
of the other parameters of the system:
Dd =

6Dc
g
1=3
(2.4)
The experimental measurement of the maximum diameter and of the angle was
obtained thanks to a video acquisition varying the temperature of the paran
wax (70C, 80C, 90C) and varying the extrusion pressure (1-4-6-8 kPa). Nee-
dle diameter was equal to 500 m and the surface tension was 22:4 10 3N=m
(77). The result is summarized in g.2.8. Equation 2.4 describes experimental
data with a maximum error 3% which corresponds to an absolute dierence of
0.07 mm. The average dierence between the model and experimental data is
0.01 mm (practically no bias), with a standard deviation of 0.03 mm.
2.2.3 Wax-substrate interaction
The comprehension of the physics of the impact, of the expansion and of the so-
lidication of molten drop on a solid substrate is important for a lot of industrial
applications (78, 79). The control of this step involves a lot of parameters such
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Figure 2.8: Drop diameter - Wax drop diameter as function extrusion pressure
and temperature. Solid lines represent the value calculated by eq.2.4.
as velocity, dimension, temperature of solidication of the drop, temperature
and material of the substrate. A study of the impact at dierent velocities of
paran drops on a aluminum surface at several temperatures (77) demonstrated
that low surface temperatures (Ts) reduce the spreading of the drop after the
impact. Although this study examines the dynamic of a single drop, which is
dierent from a continuous ow that characterizes the PAM2 approach, some
useful results can be considered. Low temperatures inuence the impact dy-
namic because the liquid solidication of the layers near the substrate limits the
line spreading and, if the liquid is not completely solidied, its cooling increases
the surface tension and the viscosity, increasing the dissipation energy rate. The
thickness of solidied layer can be estimated using the following assumption:
 the drop is at the melting point (Tm);
 the heat conduction from the drop is monodimensional conduction in a
semi-innite body;
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 the impact surface is isothermal;
 the heat resistance between the impact surface and the drop is neglegible.
The rst three assumptions are plausible, because the drop temperature is equal
to Tm during all experiments, and the thermal penetration during the impact is
so small that the drop can be considered as a semi-innite body. The thermal
penetration p during wax deposition is equal (to within an order of magnitude)
to
p =
p
dt (2.5)
where d is the wax thermal diusivity, equal to 1.210 7m2/s, and t is the
characteristic time during deposition, estimated by the needle diameter (500
m) divided by plate velocity (9 mm/s). Putting these values into equation
2.5, a value of 80 m is obtained, which is almost one third of the deposited
line. The third hypothesis is satised considering that the surface temperature
varies at maximum of 1C during the impact, so it is a good approximation
thinking that it has an isothermal behavior (77). For the validity of the fourth
assumption it is necessary that the Biot number (Bi = hD0=kd, with h the
heat transfer coecient and kd is the heat conductibility of the drop) is much
bigger that unity: the experimental estimation of h (6104W=m2K), with kd =
ddCd ' 0:2W=mK, gives a value for the Biot number ' 700, so much bigger
than one (77). So if the heat conduction can be modeled as one-dimensional,
the thickness of the solidied layer increases with the time (t) in accord to the
following expression:
s =
p
2dtSte (2.6)
This formula can be used to estimate the time necessary to obtain a solidied
line during the deposition process. Fig. 2.9 shows the trend during time of the
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solidication front during of a paran wax with a Tm of 55
C and fusion heat
L = 226  103J=kg and a heat capacity C = 2:56  103J=kgK. From g. 2.9
it is possible to see that after one second the thickness of the solidied wax, at
environmental temperature (20C), is bigger that 300m, the maximum height
of the line obtained during all performed experiments. The second important
Figure 2.9: Thickness of solidied layer - Thickness of solidied layer versus
time, for dierent temperature of deposition plane
information obtained from (77) regards the contact angle. In case of spherical
drop falling on an aluminum plate with temperature Ts, at the moment of the
impact the \contact" angle is 130, then
 for Ts = 23C the contact angle slightly increases due to cooling of the
liquid and than it stabilizes at 155C;
 for Ts = 73C, that is a temperature close to the melting point of wax, the
contact angle decreases with the drop spread, reaching an equilibrium at
25.
From this data it is possible to conclude that, in case of temperature far from
the melting point, the angle is practically \frozen" at a value very close to the
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impact angle. This assumption was veried performing similar experiments,
and evaluating the contact angle of wax on dierent substrates at environmen-
tal temperature, using contact angle goniometer. The following materials were
tested: coverslip glass, aluminum, stainless steel, polydimethylsiloxane (PDMS),
low molecular weight polyethylene (LPDE), polymethyl methacrylate (PMMA),
polyvinyl chloride (PVC), and Derlin. Results are summarized in g. 2.10,
where the contact angle is \frozen" around 120, regardless the used material.
Figure 2.10: Wax contact angle - The contact angle is around 120, regardless
the used material.
2.2.4 Volumetric shrinking
It's well known that during wax solidication processes there is a volumetric
shrinking which depends on several factors linked to the thermo-physical and
thermo-mechanical properties of material and of mold. This represents a prob-
lem in the investment casting process which consists of making a disposable
wax pattern by injecting wax into a metal mold, building a ceramic shell mold
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around the wax pattern by the application of a series of ceramic coatings, dewax-
ing the ceramic shell mold, and casting the alloy into the shell mold. Dimensional
changes between the pattern tooling and its corresponding cast part occur as a
result of thermal expansion, shrinkage, hot deformation, and creep of the pat-
tern material (wax), mold material (shell), and the solidifying alloy during the
processing (80, 81). With the rationale to mimic the solidication process which
happens during the microfabrication of wax molds, tests were performed to eval-
uate wax volumetric shrinking varying the temperature of an aluminum mold.
These results should indicate the order of magnitude of volumetric shrinking of
wax on contact on the deposition plane, that, as described before, should vary
its temperature (TDP). Values are summarized in g. 2.11 where the volumetric
shrinking is evaluated in accord to eq. 2.7:
V = [(Vmold   Vwax) =Vmold] (2.7)
Results are characterized by an high fractional standard deviation (that is the
ration between the standard deviation and mean value), but there are no cases in
which there is a variation bigger than 1%. At light of these results, big variation
of line width cannot be addressed to thermic shock.
2.3 Line characterization
After that all parameters that should inuence the fabrication of wax pattern
have been characterized, several experiments have been performed to nd the
optimum working parameters, that is the relation between the extrusion pressure
and the plate velocity, and the correct distance needle-deposition plate. Cali-
bration experiments (g. 2.12) were performed printing the path of g. 2.13-a,
with deposition plate velocities of 7, 9, 11 mm/s and extrusion pressure of 0.6,
44
2.3 Line characterization
Figure 2.11: Wax volumetric shrinking - Wax volumetric shrinking for dif-
ferent values of mold temperature
1.6, and 2.6 kPa. A commercial syringe needle, milled to obtain a cylindrical
prole of the tip, and then polished, with internal diameter 500 m was used. A
needle-deposition plane distance equal to 100 m was chosen. Line-width were
measured using an optical microscope Olympus AX170. Results are summa-
rized in g. 2.14, were it is possible to note that there is not a big variation
in line-width, in the analyzed range, both pressure and velocity. Addictional
experiments demonstrated that starting from an extrusion pressure of 3.5 kPa
wax blobs start to be formed and ruin the structure. Further experiments
Figure 2.12: Wax deposition process - Frame during a deposition of a wax
serpentine
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Figure 2.13: PAM2 printing paths - Path for PAM2 : simple serpentine path
(a), complex path to obtain an hollow structure (b), two complex path overlapped
and turned 90 each other (c)
Figure 2.14: Wax line-width characterization - Wax line width as function
of pressure for dierent values of deposition plate speed, using a needle with
diameter of 500 m
were performed at dierent extrusion distance (150, 200 m) obtaining, in case
of 150m no dierent results respect to 100 m, and not a well dened line in
case of 200m (data are not shown). An extrusion pressure of 0.6 kPa and a
velocity of 11 mm/s are so considered the optimal parameters to realize complex
structures (g. 2.15). To built a solid structure using PAM2 approach, another
important parameter is the clearance between two parallel lines. This values
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Figure 2.15: Examples of wax structures - Hexagonal path (a), and a picture
at optical microscope of the same structure (b). The average line width is 300 m
was experimental determined printing serpentine path (using working parame-
ters indicated above) and is equal to 300 m, and it is due to the change of
direction at the end of each line of the serpentine (see sec. 2.4).
2.4 Defect analysis
One of the most important step during the micro-fabrication of structures is to
analyze all the defects that should inuence the nal results. As anticipated in
the section 2.3, to realize a solid gure, PAM2 system uses to cover the plane with
serpentine path (g. 2.13). The coverage is limited by the clearance between
two parallel lines due to the corners (made by two subsequent right angles) that
are present in a serpentine path. This change of direction is made, at present,
with the same velocity and the same extrusion pressure of straight lines, thus
to avoid a deposition of a blob of wax a certain \height" of the serpentine is
needed. Another problem encountered during wax deposition is the the \drop
propagation defect". As depicted in g. 2.16, when an excessive amount of
material is deposited, it causes an abnormal extrusion in the following lines,
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propagating the defect. The causes of this excessive extrusion may be dierent:
the main cause is the direction change (as discussed before and as depicted in
the box of g. 2.16), another example is an abnormal variation of the extrusion
pressure.
Figure 2.16: Defect analysis of wax patterns - Example of drop propagation
defect. In the small picture is shown one of the possible origin, that is the change
of direction during extrusion
2.5 3D structures
One of the aim of this work is to realize paran mold using PAM2 system. These
3D structures are built layer-by-layer, so each layer borns by a path taught
in a way so that, overlapping them along z-axis, it is possible to obtain the
desired structure. Because the PAM2 system is a continuous ow \vectorial"
system, each \solid" layer can be considered as a serpentine pattern (g. 2.13-
b) that forms the layer in the x-y plane. To realize two overlapped layers,
two subsequent patterns are characterized by an orthogonal orientation of the
serpentine (g. 2.13-c). It is very dicult to deposit two overlapping layers,
because of the empty spaces between two serpentine lines that do not permit
to have an homogeneous surface on which deposit the wax (g. 2.17-a). This
problem in addiction persists also varying the distance between the needle and
48
2.5 3D structures
the deposition plane, and decreasing, until the technology limit, the clearance
between two lines of the serpentine (300 m). One solution is to use a ller
to ll the spaces between two lines in order to create a support surface for the
deposition of the next layer, eliminating in addiction all the disomogeneties due
to microfabrication defects. Filler requirements are a low melting point and
workability, that is to be easily coated. In tab. 2.2 some of tested llers are
listed: albumin and gelatin solutions, agarose, and products based on mineral
oil. Powder materials were also tested.
Material Concentration Results
Not cross-linked gelatin 5 - 10 - 15 %(w/v) X (some results at 15%)
Albumin 1 - 3 % (w/v) X
Agarose 2 % (w/v) X
Glucose Powder X
Flour Powder X
Petroleum jelly - ok
Table 2.2: Filler overview - materials used as ller
Only two classes of ller gave good results in terms of reproducibility, not
cross-linked gelatin at 15% w/v concentration and petroleum jelly based ller
(g. 2.17). Increasing gelatin concentration reduces the workability of the ma-
terial, because it results more viscous and so higher temperature is needed.
Albumin solution does not have enough ability as ller, and agarose needs too
high temperature (>70C) to be worked, damaging the wax structure. Powder
materials, a good idea in principle, have the the drawback to tend to occlude the
needle. Petroleum jelly was used in the realization of 3D structures shown in
g. 2.18. In g. 2.18-b, positive step pyramid (202015 mm with a step of 5
mm) was realized overlapping serpentine pattern with dierent length, whereas
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negative step pyramid (see g. 4.1 for detailed measurement) was realized using
the path shown in g. 2.13-c. One of the main problem using a petroleum
Figure 2.17: Filler eects on 3D wax structures - Clearance between ser-
pentine lines and its eect on the second layer (a); example of gelatin ller (blue
color is just for visualization and was obtained with food color)(b); example of
petroleum jelly based ller (c)
jelly ller is that it tends to llet sharp angles. This may be an advantage or
a disadvantage: stairs eect, a drawback several RP techniques, is reduced, but
in the same time some smaller details can be ruined. The average radius of
curvature was experimental evaluated (optical measurement, Olympus AIX70)
and is equal to 35035 m.
Figure 2.18: Three dimensional wax structures - 3D wax structures, with
puzzle shape (a), and step pyramids (positive and negative) (b)
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2.6 Fabrication of agarose microstructures
Based on the chemistry detailed explained in section 3.3.1, PAM2 module of
PAM2 system was used to realize agarose microstructures, extruding water on a
substrate of agarose solution in DMSO at several percentages.
2.6.1 Material preparation
Agarose concentration in DMSO not only determines mechanical properties of
the nal structure, but it is an important working parameter because inuences
the processability of the solution. In particular to choose of optimal concen-
tration the main criterium is the facility to prepare an homogeneous layer on
glass slides using a spin coater. Glass slides were pretreated spinning 600l of
pure DMSO (Fluka) at 1200 rpm for 30 seconds, then 900l of agarose (Agarose
for routine use, Sigma) solution in DMSO was spinned at 200 rpm for 30 s,
with an acceleration of 100 rpm/s2. Five concentrations were tested (1, 2, 3,
4, 5% w/v), and no dierences in terms of processability were evidenced for all
solutions except for 5%.
2.6.2 Line characterization
For the realization of agarose structures using the Piston Syringe module of
PAM2 it is necessary to know how the line-width varies changing working pa-
rameters. In particular, line-width depends on ow-rate, needle-deposition plate
distance, deposition plate velocity. An additional source of variability is the
interval between water extrusion and the dipping of the structure in ethanol
to stop water diusion (see 3.3.1). Calibration experiments were performed in
two steps. At the beginning the extrusion distance (i.e. the needle-deposition
plane distance) was xed at 100m (based on empirical consideration on needle
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and material 2.2.2) and the volumetric ow (0.2, 0.5, 0.3, 0.45 l/s) and depo-
sition plate velocity (7.5, 8.5, 10.5, 12.5 mm/s) were varied. The second step
of experiments were performed varying the ow-rate (0.2, 0.5, 0.3, 0.45 l/s)
and the needle-deposition plane distance (0.10, 0.11, 0.12, 0.13, 0.14 mm), using
the optimal velocity found in the rst series of experiments. In both cases, a
commercial needle with internal diameter of 300m was used. The needle was
processed at the mill to obtain a cylindrical prole of the tip, and then pol-
ished. Serpentine patterns were used. After extrusion, structures were detached
and immersed in ethanol to remove DMSO and stop water diusion. For each
working parameters combination, six serpentine were obtained, and six dierent
points were measured for each structure. Measurements were taken from images
took at an optical microscope Olympus AIX70, with dierent enlargements (g.
2.19). Agarose 1, 2, 3 % w/v solutions form structures not enough resistant:
Figure 2.19: Agarose line with PAM2 system - Example of a typical line
obtained with the Piston Syringe, extruding water on a glass slide covered with a
solution of agarose in DMSO; it is possible to observe the idrogel line-width and
the diusion zone of water
these structures usually broke when pulled with a tweezers, so these results are
not shown. In g. 2.20-a it is possible to note the linear trend between the
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line-width and the volumetric ow. Line-width varies between 0.5 and 1.6 mm.
In g.2.20-b the same data are plotted as function of deposition plate velocity
to highlight that increasing the plate velocity (>8.5 mm/s) there is not a big
variation in the line-width. This value can be considered as the optimal for the
realization of agarose structures and it was used in the second part of experi-
ments, summarized in g. 2.21. In g. 2.21-a line-width is plotted as function
Figure 2.20: Agarose line-width as function of PAM2 working param-
eters - Agarose line-width as function of volumetric ow for dierent values of
deposition plate velocity (in mm/s) (a); the same values but plotted as function
of deposition plate velocity for dierent values of volumetric ow (in l/s (b). In
both cases error-bars are hided by the plot symbols
of volumetric ow rate, for dierent values of deposition distance: it is possible
to note that from 0.1 to 0.12 there is not a big variation, whereas there is a gap
respect to other values for the distance equal to 0.13 mm. This is also evident,
re-plotting the same data as function of deposition distance (g. 2.21-b). Line-
width at 0.14 mm is the result of averaging, because in reality the line is pearl
necklace shaped, so cannot be considered uniform. To further investigate the
importance of deposition distance, movies were acquired during structure fabri-
cation (g. 2.22). In particular, in g. 2.22-a, a too small distance (<0.1 mm) is
highlighted: during water extrusion, the gel structure is dragged by the needle.
In g. 2.22-b, it is shown the right distance, while in g. 2.22-c is evidenced as
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Figure 2.21: Agarose line-width as function of PAM2 working param-
eters - Agarose line-width as function of needle-deposition plate distance for dif-
ferent values of volumetric ow (l/s)(a); the same values but plotted as function
of volumetric ow rate for dierent values of the needle-deposition plate distance
(in mm)(b). In both cases error-bars are hided by the plot symbols
at 0.13 mm, a very large meniscus of extruded water formed between the needle
and the underlying agarose solution. This led to a larger line width, as depicted
in gure 2.21.
Figure 2.22: Agarose microfabrication - Inuence of needle-deposition plate
distance in microfabrication of agarose structures: too small distance (a), optimal
distance (b), too large distance (c)
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Chapter 3
Ink-jet printer
The adaptation of inkjet printing technology for the realization of controlled
micro- and nano- structures is of great potential. Planar and 3D objects can
be obtained printing the bulk material (such as in the wax printing system (39))
or printing a binding agent, as in the 3D printer approach (40, 82). In this chap-
ter a microfabrication device based on inkjet technology is presented: mechanical
and software design are discussed. The procedure to realize agarose microstruc-
tures are deeply investigated, also using FEM analysis. Because inkjet printers
are used to print living cells, the mechanical and thermal stresses can damage
or induce death in printed cells. In particular experimental results indicates that
drop impact is a critical step, especially on an a rigid substrate. For this reasons
a computational model has been developed to investigate the role of the stiness
of the deposition substrate during droplet impact.
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3.1 Inkjet technology - an overview
An inkjet printer is a device that allows to obtain a digital image by propelling
droplets of ink onto a paper. While the concept originated in the 19th century,
the technology was developed in the early 1950s. In the late 1970s inkjet printers
with the ability to reproduce digital images generated by computers were pro-
duced, mainly by Epson, Hewlett-Packard (HP), and Canon. There are dierent
types of inkjet printers. The main technologies in use in contemporary inkjet
printers can be divided in two big categories: continuous inkjet (CIJ) and Drop-
on-Demand (DOD) (83). In the continuous inkjet technology, the continuous
stream of ink droplets is created via the Plateau-Rayleigh instability (that is
related to the Rayleigh-Taylor instability) that explains why and how a falling
stream of uid, by virtue of their surface tensions, breaks up into smaller packets
with the same volume but less (so minimizing) surface area. A drop-on-demand
system instead ejects a single droplet in response to an input signal (78). Ink
is ejected from a nozzle by applying a pulse of pressure to the uid ink in the
supply tube, upstream of that nozzle. Depending on the mechanism used in
the drop formation process, the technology can be categorized into four major
methods: thermal, piezoelectric, electrostatic, and acoustic ink-jet. Most, if not
all, of the drop-on-demand ink-jet printers on the market today are using either
the thermal or piezoelectric principle. Both the electrostatic ink-jet and acoustic
ink-jet methods are still in the development stage with many patents pending
and few commercial products available, while the thermal and piezo-electrical
principles represent the primarily used ones. In the thermal inkjet (TIJ), tiny
resistors are used to rapidly heat (1,000,000C/s) a thin (0.1 m) layer of liquid
ink to about 340C. A superheated vapor explosion vaporizes a tiny fraction of
the ink to form an expanding bubble that ejects a drop of ink (and any trapped
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air) from the ink cartridge onto the substrate. It is noteworthy that the ink
does not actually boil. The bubble collapse and break-of draws fresh ink over
the resistor. Considering all the steps, the bubble formation (' 5s), expansion
(' 10s), (break-of ' 20s), and rell (' 80   200s), the printing frequency
can be found around 5 - 10 kHz. HP claims that TIJ jets everything that nucle-
ates like toluene, silver suspensions, and even functional proteins. The HP TIJ
has all the active power electronics and orice addressing integrated on the same
Si chip with the drop generator. The orices are spaced at 300 per inch in a
single column, and, for a 600 dpi printhead, two oset columns are employed. It
is even possible to put 600 TIJ orices/inch in a single column. For comparison,
current piezo ink jets have only 90 orices/inch. TIJ can be manufactured using
mass-production based on IC manufacturing technologies. This made the cost
per nozzle much lower than the cost per nozzle of a piezoelectric printhead. Both
the fact that inkjet printers now can be miniaturized and its low cost of man-
ufacturing make TIJ the superior inkjet technology. HP solved the reliability
problem of the thermal drop-on-demand printheads by the concept of disposable
heads and increased the performance of their thermal printheads continuously.
During this research, a microfabrication device, called Penelope, based on
HP thermal inkjet technology, was designed and realized. Several materials
were tested. In this chapter, the realization of structures in agarose, based on
the ternary mixture water-DMSO-agarose, is presented.
3.2 Penelope
I conducted part of this research at the University of Texas at El Paso, under
the supervision of Dr Thomas Boland
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3.2.1 First prototype
HP deskjet 340 was modied into a bridge shape structure that allows to insert
a moving deposition plate (g. 3.1). The position of the plate, along the y-axis,
is controlled using the paper feeding sensor and two switches. The control of the
moving direction is obtained using a Phidgets relay board (Interfacekit 0/0/8,
Phidgets Inc., USA), properly connected with the four phases of the stepper mo-
tor. A vertical axis of movement (z-axis) was added, to modify the distance be-
tween the deposition plate and the cartridge. Considering all the geometric and
mechanical constrains, the printer is characterized by a working area of 4664
mm2. The printer allows also to control the temperature of the deposition plate
Figure 3.1: Penelope - First prototype - First prototype of penelope inkjet
printer. It is possible to note the uid inlet and outlet in the deposition plane for
cooling/heating purpose
and of the cartridge. The deposition plate (g. 3.2) consists of an aluminum heat
exchange hydraulic system connected in closed loop to a chiller/heater device
with a resolution of 0.1C (Thermomix/Frigomix 1460/1495, Braun). Thanks to
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the geometry of the internal serpentine the temperature on the deposition plate
is practically homogeneous (0.4C maximum dierence) in a working range from
4C up to 90C. Two versions of the temperature-controlled cartridge were de-
Figure 3.2: Penelope - Deposition plane - Aluminum deposition plane. In
the box it is possible to see the internal serpentine to maximize the heat exchange
veloped: a hydraulic heat exchange system, and a Joule-eect based heater. The
hydraulic heat exchange system is connected in closed loop to a chilled/heater
device with a resolution of 0.1C (Thermomix/Frigomix 1460/1495, Braun). The
working window of this device (measured near the nozzles of the cartridge) is
comprised between 3C up to 90C. The Joule-eect based heater is realised
with 3 power resistors (2W, 15 
) opportunely placed inside the cartridge, in
which a current of 0.5 A is supplied thanks to an electronic board based on the
component LM317. This device is computer controlled using an on-o control-
strategy thanks to the connection with the Phidgets interface kit 0/0/8. This
device is able to warm the temperature of the ink up to 85C (measured near
the nozzles of the cartridge). The temperature of these devices (the deposition
plate and the cartridge) is monitored using two k-type thermocouples whom
signal is acquired using the Phidgets temperature sensor board 4-input (0.1C
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Figure 3.3: Penelope - Temperature controlled cartridge - The two ver-
sions of the temperature controlled cartridge: hydraulic (a), and Joule-eect based
(b-d). In particular, (b) and (c) gures put in evidence the design and the real-
ization of the housing structure for the resistances
resolution). An additional temperature sensor (Phidgets Precision Temperature
Sensor) with a resolution of  0.5 C is used as a dummy sensor to control the
environmental temperature.
3.2.2 Second prototype
The second prototype of Penelope inkjet printer (g. 3.4) is characterized by
a more robust mechanical structure, entirely realized in aluminum, eliminating
plexiglass parts, obtaining the reduction of vibration induced by the carriage
movement. The main improvement of this second version (g.3.5-a) is the intro-
duction of the vertical motorized axis, that allows the automatic feeding of new
material on the substrate. An aluminum plate can be moved inside an aluminum
container which contains the solution will be printed on. To provide new mate-
rial the plate is moved down allowing the solution to submerge the plate. The
plate is moved by a servo motor (Firgelli linear actuator L12-50-100-06-R) with
positional accuracy of 0.2 mm, controlled by the Phidgets AdvancedServo motor
controller. The second version of penelope inkjet printed has a working area
of 36  42 mm2 in the x-y plane, while the maximum height of the nal objet
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Figure 3.4: Penelope - Second prototype - The second version of Penelope
Inkjet printer, characterized by a more robust mechanical structure, a motorized
vertical axis and a new case for electronics board
is limited by the contained depth which is 25 mm. In addiction, an purposely
designed case for electronic boards was realised (g. 3.5-b).
3.2.3 Control software
The printer, the printing procedure and the control of the temperature are man-
aged using a purposely written software (g. 3.6) by which the user can upload
the desired image and in the same time control the sensors and the motors of the
printer. The software, written in Objective-C in the Cocoa framework, uses also
the Phidgets library (to manage the signal from the printer) and Core-Plot li-
brary to manage the temperature plots. Penelope control software was designed
following the Model-View-Controller (MVC) (g. 3.7-a) software architecture,
isolating the device and the image manager domains from the user interface.
This structure permits an independent development, testing and maintenance
of each. Thanks to this approach, the same software can control both versions
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Figure 3.5: Penelope - Second prototype improvements - Automatic ma-
terial feeder (a), and new case for electronic boards(b)
Figure 3.6: Penelope - Control software - Tabs of control software - Image,
Temperature Control and Device
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of the printer, just switching the \Model" that describes the printer. The com-
munication between these three entities in obtained thanks to the Key-Value
Observing (KVO) protocol. The program is substantially based on three main
Figure 3.7: Penelope - Control software architecture - The MVC archi-
tecture (a), and its implementation (b)
classes (g. 3.7-b): Interface, ImageManager and PrinterController.
Interface class creates and manages the Graphical User Interface (GUI), and
instantiates two objects imageManager and myPrinter of ImageManager
and PrinterController classes respectively. It controls also the temperature
plots receiving data from myPrinter.
PrinterController class manages all devices connected to the printer (i.e.
Phidgets) and the printer itself. In particular, the z-axis movement, the
cartridge temperature are set in accord to the input sent by the user
through the Interface class.
ImageManager class stores and orders all the image that the user wants to
print. It can receive several image formats (JPEG, JPEG2000, RAW,
TIFF, BMP, and PNG), and can be directly interfaced with OsiriX (see
sec. 1.1.2).
The GUI is built using three tabs, that are logically placed to follow the normal
workow during the print operation. In the rst tab, Image, the user can check
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the normal operation of the printer, thanks to the software LEDs that indicate
the phidgets connected. Also in this tab the user can upload, delete and visualize
the image to be printed. The second tab, Temperature Control, allows the
user to check the deposition plate temperature and to check and set the cartridge
temperature. The latter, in particular, can be set or typing a number or moving
a slider. A software LED and a red line on the temperature plot indicate if the
heater is on. The last tab, Device, is used to control the position of the z-axis,
and the vertical resolution of the printer. In addiction it is also possible to set
the number of prints per image, if some images need to be printed more than one
time, as in case more cross-linking agent is needed. After that all the parameters
are set, by the print button the software sends all the commands to the printer.
3.3 Agarose microstructures
3.3.1 Agarose
Agarose is the gelling fraction of agar (the other component is agaropectine)
and governs the mechanical properties of agar gels. It consists of repeating units
of alternating -D-galactopyranosil and 3,6-anhydro--L-galactopyranosil groups
(84). The thermoreversible aqueous gels prepared from agarose are widely used
in biological sciences as a support for chromatography analysis and also in de-
vices for purication (85, 86, 87). In tissue engineering applications, hydrogels
meet a number of design criteria as scaold; they can promote neo-tissue for-
mation, and their mechanical properties reect those of biological tissue (30): in
this eld agarose gel was used as scaold in cartilage (14, 88) and nerve tissue
engineering applications (89, 90, 91, 92, 93, 94). Agaroses gel used as matrix and
reinforced with other materials, as clay (95), Apatite (96), calcium phosphate
(97, 98, 99), have been used in bone tissue engineering (32). Micropattering
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(100, 101, 102), microencapsulation (103, 104, 105), as a bulk material for mi-
crouidic devices (106) or as mould (107) are other possible uses of this material
in biological sciences. Other non-biological application include crystallography
(agarose gels used as a medium for growing a perfect as possible protein sin-
gle crystals (108)), electronic (109, 110, 111, 112, 113), food industry (agarose
is chosen as a model biopolymer to investigate the eects of physical-chemical
parameters (e.g.: average molecular weight) on the texture properties of the gel
(114)), material science (agarose gel was also used as a template for the forma-
tion of titanium dioxide, zirconium dioxide, niobium and tin oxides, obtaining
a inorganic materials (including hydroxyapatite) with a sponge like structures
(115, 116)). A characteristic feature of agarose is that the gel shows massive
thermal hysteresis, attributed to the formation of large aggregates that remain
stable at temperatures much higher than those at which individual helices form
on cooling (84). Although the exact gelation method is still unclear at molecular
level (117), the most common methods to microfabricate agarose structures are
based on its thermal properties: i.e. casting (92, 106, 118), photo-thermal etch-
ing method (119), and Rapid Prototyping (RP) (120). An alternative methods
(121) to realize macro structure (bers in this case) is based on the dierent
capability of agarose to form a gel in a solution of water and dimetilsulfoxide
(DMSO) (122, 123, 124, 125): over a certain percentage of composition of wa-
ter/DMSO mixture gel formation is prevented even cooling the mixture under
0C. At low DMSO concentration instead (15% v/v) this agarose gelling ability
is improved. The idea proposed in this research is to use dierential agarose
gelling ability in DMSO/water mixture combined with a RP approach, using
inkjet printing technique. Printing water on a substrate of agarose dissolved in
DMSO induces an higher (local) concentration of water that allows the agarose
to form a gel. The DMSO is then removed using an ethanol bath.
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3.3.2 Line characterization
Material preparation
Solution of 2.5, 3, 4, 5% w/v agarose (Sigma-Aldrich) solutions were prepared by
dissolving the appropriate amount in dimetilsulfoxide (DMSO, Sigma-Aldrich).
Agarose powder was gently added to the solvent while stirring and maintained
at a temperature of 60C. Agarose solution was disposed, on a glass slide, as
thin lm of approximately 300 m using a spin-coater system (Laurell WS 650S-
6NPP/Lite). A dierent spinning velocity was used for each concentration: 250-
300-500-600 rpm for respectively 2.5, 3, 4, 5 % w/v solutions. Deionised water
(Cell culture grade, Milli-Q millipore) was used as printing material. The printed
structure was then removed from the glass slide and immersed in ethanol (Sigma
Aldrich).
Calibration and printing experiment
The calibration of the printer was performed using black and white images with
a resolution of 300 ppi (pixels per inch) realised using GIMP (GNU Image ma-
nipulation program). Images with a characteristic line width of 3, 5, 7, 9, 11, 13
pixels were realized, in horizontal and vertical direction (g. 3.8-a). Picture of
each printed image and measurement of the line width were obtained using mi-
croscope Nikon. The resolution of the printer was evaluated in two directions:
the one of cartridge movement direction (named horizontal direction), and the
one perpendicular to the cartridge movement direction that is the direction of
paper movement (named vertical direction). Results are summarized in gures
3.9 and 3.10: the x-axis represents the number of dots printed, that can be easily
converted into desired line width thanks considering that each dot is 80 m (the
printing resolution is 300 dots per inch (dpi)). The dashed line in gures 3.9
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Figure 3.8: Penelope - Calibration image - image (a) and a result (b) (just
a particular
and 3.10 represents the linear regression of all measured width respect to dpi: It
can be seen from these gures that there is a linear relationship between dpi and
linewidths, as expected. An example of printed structures are shown in gures
3.8-b and 3.11. In the latter gure water blue was added to the printed water
just for visualization. From gures 3.9-3.10 it is possible to note the following
trends:
 the horizontal and vertical resolution are not the identical: in particu-
lar vertically printed features were 15% wider (average) than horizontally
printed features;
 increasing agarose concentration results in smaller linewidths;
 there is an upper limit to agarose concentration due to increase of medium
viscosity which damages the smallest features when the sample is removed
from the glass slide;
 the best compromise in term of agarose concentration is 4%.
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Figure 3.9: Penelope - Horizontal resolution - The experimental line width
is plotted against the dpi printed (one dot is 80m) for each concentration of
agarose (2.5, 3, 4 and 5% w/v). The dashed line represents the linear regression
of all measured linewidths
[agarose] temperature ( C)
% (w/v) 25 30 35 40 45
1.0 130 180 220 270
2.0 120 150 220 290
Table 3.1: Agarose gelation time - Gelation time, in seconds, for two agarose
concentrations at dierent temperatures (126)
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Figure 3.10: Penelope - Vertical resolution - The experimental line width
is plotted against the dpi printed (one dot is 80m) for each concentration of
agarose (2.5, 3, 4 and 5% w/v). The dashed line represents the linear regression
of all measured linewidths
Figure 3.11: Printed agarose structures - an example of realized structure,
on a glass slide (a) or handled by an operator using a transparent paper (b).
Water blue stain was added to printed water just for visualization
69
3. INK-JET PRINTER
3.4 FEM model of structures fabrication
The process of agarose microstructure fabrication can be modeled as a multicom-
ponent mass transport followed by a gelation. In the present case the diusion
is the rate limiting process. This assumption is demonstrated by comparing the
characteristic time of diusion (s):
 =
L2
D
(3.1)
where L is the characteristic dimension [m] and D is the diusion coecient
[m2  s 1], with the typical gelling time. Inserting in eq. 3.1 value of 500 m for
L and 10 10m2  s 1 for D, a diusion time  of approximately 30 minutes will
be obtained, that compared with a gelling time of one minute (see tab. 3.1 -
from (126)) proves that diusion is the limiting step. The multicomponent mass
transport in the water-agarose-DMSO mixture can be described by the equation
3.2 for each species:

@
@t
(!i) =  r  ji (3.2)
where i = 1; 2 (water and DMSO),  [kg  m 3] is the density, !i is the mass
fraction, ji is the mass ux [kg  m 2  s 1] due to diusion. Assuming the
conservation of the mass, just one equation is independent, because the sum of
the mass fraction is equal to 1. The relative mass ux due to molecular diusion
is assumed to be governed by a Ficks law type expression (eq. 3.3):
ji =  iDirxi
xi
(3.3)
where xi is the mole fraction of the species i, and Di is diusion coecient of
species i into the mixture. The diusion hence depends on the single concentra-
tion gradient and is proportional to a diusive coecient Di. Thus by combining
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the two equations 3.2 and 3.3 the species mass transport equation is (eq.3.4):

@
@t
( !i) =  r 

Dir!i + !iDirM
M

(3.4)
where the mole fraction xi is substituted by the mass fraction obtained by eq.
3.5
xi =
!i
Mi
M (3.5)
where Mi is the molar mass [kg mol 1] of the component i and M is the mean
molar mass (eq. 3.6):
1
M
=
2X
i=1
!i
Mi
(3.6)
The diusion process was modelled using the application mode \Transport for
concentrated species" of Comsol Multiphysics (COMSOL, Stockholm, Sweden).
Considering the geometry of the problem, a 1D model was chosen in accord to
gure 3.12. In the same gure the boundary conditions are also indicated.
Figure 3.12: FEM geometry of water diusion - boundary conditions, and
physical dimensions are indicated. The value of L of printed area varies in accord
to half of line-width printed, that is 120, 200, 280, 360, 440 m
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The 1D geometry shown in gure 3.12 is made by two linear segments, which
represent, respectively, the printed domain and the agarose/DMSO domain. In
the rst domain the water molar fraction is 0.6. The latter is constituted just
by agarose/DMSO so the water molar fraction is equal to 0. The water amount
percentage (60% v/v) was calculated starting from the drop volume (140 picol-
iter), the number of prints (12). The boundary conditions are (see gure 3.12):
symmetry in the boundary number 1 of printed area (just half of the printed line
is modelled), continuity in the internal boundary (boundary number 2), and a
ux equal to 0 in the other boundary. Model parameters are listed in table 3.2.
value Meas. unit ref
Mixture density  1096 kg m 3
DMSO molar mass 0.078 kg mol 1
Water molar mass 0.018 kg mol 1
DMSO ckian diusion coecient (in water) 3.9 10 10 m2s 1 (127)
Water ckian diusion coecient (in DMSO) 5.2 10 10 m2s 1 (127)
Table 3.2: FEM of diusion process - Model parameters
To take into account the presence of agarose, we supposed that diusivities
of water and DMSO vary linearly with agarose concentration, as it happens with
water self diusion, demonstrated by (128), where for each increment of 1% in
agarose concentration a decrease of 4% of in water diusion coecient was ob-
served. A similar decrease was observed also in (129). Preliminary experiments
(data not shown) concluded that a solution of water-DMSO-agarose forms a
gel unstirred at room temperature when the molar fraction of water respect to
DMSO is bigger than 20%. Thus this value is used as a threshold to determine
the presence of the gel. The number of mesh element was 250 for each simula-
tion, independently of dimension of printed line, with a maximum element size
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xed to 20 m. The result of simulation where so compared with the resolution
of the printer, thanks to the images taken for the resolution problem. Only
picture in horizontal direction are taken into account, because in the vertical
direction there are other phenomena that inuence the resolution (see calibra-
tion and printing experiment section). An example FEM simulation results are
Figure 3.13: FEM results of water diusion - Each line represents the water
molar fraction, plotted a dierent time (1s, 5s, 10s, 1min, 2min, 3min, 5 min)
shown in gure 3.13 where water molar fraction is plotted a dierent time (1s,
5s, 10s, 1min, 2min, 3min, 5 min). Usually samples were placed in ethanol less
than 3 minutes after printing, and thus the FEM results for linewidths using 3
minutes were compared to the experimentally obtained values and the results of
this comparison is shown in gure 3.14. The model is in good agreement with
experimental results, especially for the 3 and 4% w/v concentrations where the
average dierence is 5% with a maximum of 15% in case of 11dpi line at 3%
w/v concentration. The dierence becomes bigger in case of 5% w/v agarose
concentration, especially for smaller dpi lines (5 and 7 dpi). In that case it is
possible that other external factors to line formation process have to be taken
into account, such as the removal of the printed structure from the glass slide:
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in case of 5% w/v agarose solution, viscosity and thus shear forces are much
higher and can hold back more material.
Figure 3.14: Penelope - Comparison FEM and experimental results -
FEM results are compared to experimental results for 3, 4, and 5% w/v agarose
concentration in DMSO
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3.5 Mechanical properties of printed structures
Samples for mechanical tests were prepared using the same procedure described
for printing experiments. A xed thickness of 300 m was chosen, and a rectan-
gular shape was printed on a agarose-in-DMSO substrate and for each concen-
tration of agarose (3, 4, 5% w/v) mechanical properties were performed. After
printing, samples were put in an ethanol bath overnight and the tested using
the Instron 5866, with a displacement velocity of 10 mm/s, and with an acqui-
sition frequency of 20 Hz. Raw data were then analyzed using the OpenOce
electronic spreadsheet. Engineering strain ("E), and corresponding engineering
tensile stress (E) are calculated from the tensile load applied according to the
following denitions:
E =
F (t)
A0
(3.7)
"E =
l0   l (t)
l0
(3.8)
where F (t) is the tensile load, A0 is the initial cross sectional sample area, l0
is the initial sample length and l(t) is the sample length during the tensile test.
Once the engineering value of stress and strain have been calculated, they are
converted into true stress (T ) and true strain ("T ) values according to the
following equations (3.9 and 3.10), based on the hypothesis of conservation of
volume (130),
T = E (1  "E) (3.9)
T =   ln (1  "E) (3.10)
True stress-strain curve are thus obtained for each sample tested, and the corre-
sponding Hookean elastic modulus is evaluated as the slope in the initial linear
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zone. The result of mechanical tests are summarized in gure 3.15, where en-
gineering and true elastic modulus are plotted against agarose concentration.
The same behavior (ascending trend respect to agarose concentration) charac-
terizes also the ultimate stress and the ultimate strain of all samples (data are
not shown). These results are conrmed by the work of (131) where mechani-
cal properties of agarose thermoreversible gels in binary solvent where analyzed.
In particular tting with a power law the value of elastic modulus respect to
agarose concentration according to the relation:
E  C (3.11)
 was found to be value of 1.34 in case of engineering elastic modulus (very close
to 1.5  0.1 (131)) with an R2 equal to 0.95 and a value of 1.3 (with an R2 of
0.97) in case of true elastic modulus.
Figure 3.15: Mechanical behavior of printed structures - Engineering and
true elastic modulus of printed samples, varying agarose concentration
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3.6 Considerations on Penelope inkjet printer
The resolution of the printer is found to be very accurate, and the nal result is
highly reproducible. The theoretical resolution should be 0.08 mm, which is the
lower limit imposed by the printer (300 dpi). Several factor contributes to the
resolution. First of all the water diusion which tends to blur the printed image,
as it was demonstrated also by FEM analysis (see sec. 3.4). This is further
supported by a bright eld micrograph (Nikon Eclipse Ti) shown in gure 3.16,
where both, the printed area and diusion area, are visible. As average, a dif-
Figure 3.16: Printed agarose line - It is possible to recognize the printed area
(darker with a lot of holes) and the diusion area (smoother area)
ference of 150 m is to be taken into account between the printed linewidth and
nal results: this dierence is lower in case of smaller line (smaller diusion gra-
dient) and can be further reduced with higher agarose concentrations, because
those will reduce the water diusion coecient and thus the feature blurring.
However, high agarose concentrations result in high viscous materials which are
more dicult to work with and it can impair the geometry of the printed ob-
ject due to higher viscous forces. Another factor that inuence the resolution is
the printing direction: the smallest line feature printed in vertical direction is
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500 m, two hundreds micron larger than horizontal one. Two hypothesis have
been formulated. One, drops are deposited next to each other one by one in
the horizontal direction, whereas in vertical direction drops are added next to
each other with each successive pass. This may led to a weaker structure that
can be damaged by the operator during the removing process from the glass
slide. Two, due to the movement of the deposition stage during printing, the
vertical line is subjected to a continuous wave that can damage the line struc-
tures. Both eects may act together to result in the increased line widths of
vertical features compared to horizontal features. Mechanical tests demonstrate
that an enough sti gel can be obtained with the method presented in this work.
Stier gels can be obtained adding other molecules, such as sucrose or glucose
as suggested in (132), or llers, such as -tricalcium phosphate (99). In conclu-
sion, this research proposes a new method to fabricate agarose microstructure
based on inkjet printing technology and the dierent ability of agarose to form
a gel in the binary solution of water and DMSO. An inkjet printer with a pur-
posely written software was designed and realized to test the feasibility of this
approach. Both the processing parameters and performance agarose gels were
evaluated and compared to FEM simulation. The simulations are able to predict
experimental results very closely for agarose concentrations below 4% indicating
that the proposed diusive model of gelation correctly describes the formation
of microgels. The developed process can became an enabling technology to cre-
ate device based agarose (such as microuidic devices) bypassing the casting
procedure.
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3.7 Computational analysis of drop impact
This section is based on the publication (133), Substrate stiness inuences high
resolution printing of living cells with an ink-jet system.
The feasibility of employing the inkjet drop on demand approach to deposit
cells using disposable printheads was demonstrated (134, 135, 136), despite to
thermal and mechanical stress to which cell are subjected in the cartridge of
the printer, as well as impact forces from interaction of the droplet with the
substrate. Although several studies had been performed to investigate the im-
portance of stresses inside the cartridge (both thermal (137, 138) and piezo
(139)), few reports on cell stress during drop impact have been reported (140).
Because also Penelope InkJet Printer can be used to print living cells (\living
Ink"), droplet dynamics were investigated using nite element methods (FEM)
and then validated experimentally, focusing on the mechanical impact with the
printing substrate rather than the stress caused by heat or viscous forces in the
narrow orices of the printhead. It is known that when a liquid droplet im-
pacts on a surface with high velocity, large forces are generated and the drop
can splash or disintegrate (141). A good hypothesis should be that cell damage
occurs principally during droplet collision with the printing surface and that
droplet velocity and substrate features (such as elastic properties and thickness)
are the important factors which aect cell viability. Thus the printing phase
was analysed by modelling the force and energy balance of droplet impact on
dierent substrates. Subsequently cells were printed on surfaces with dierent
stiness and viability tests were performed to validate the results.
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3.7.1 FEM formulation
Model description
Based on hypothesis that droplet impact with the substrate is the principal de-
terminant of cell viability, the process of droplet formation and its landing phase
were investigated using Comsol Multiphysics (COMSOL, Stockholm, Sweden).
In particular, to investigate droplet impact forces, dierent substrates with dier-
ent stiness were modeled, coupling the uid-dynamic analysis with a structural
mechanics analysis. The phase eld method (142) was used to track droplet
interfaces and droplet shape at various phases of the printing process. In par-
ticular the droplet was tracked during its formation at the nozzle, as it ies
towards the substrate, on its impact with a planar surface and nally its remod-
elling after landing. Briey, in the model living ink and air were represented as
incompressible uids with constant density using NavierStokes equations, which
describe mass and momentum transport. A specic term was included in the
model to consider the surface tension (expressed as Gr):


@u
@t

+ u+ ru r 



ru+ (ru)T

+rp = Gr (3.12)
ru = 0 (3.13)
Here  is uid density [kg m 3],  is the dynamic viscosity [N  s m 2],
u represents the velocity eld, p denotes the pressure [Pa], G is the chemical
potential [J  m 3] and  is the phase eld variable. The phase eld variable
is used to describe the diuse interface which separates the two uid phases
(allowing the tracking of droplet landing and interaction with the substrate) and
is available as an application mode in COMSOL Multiphysics. To evaluate forces
within droplet and substrate, the uid dynamics variables were coupled with the
80
3.7 Computational analysis of drop impact
mechanical module imposing the loading force to be equal to the one exerted by
uid and the droplet boundary velocity equal to the displacement velocity of the
substrate. The nozzle was modelled as the printhead with an internal diameter
of 54 m, while the distance between the nozzle and the deposition surface was
set to 1 mm. The geometry of the model and boundary conditions are shown in
g. 3.17. As shown in the gure the deposition substrate was a 100 m thick
Figure 3.17: FEM of drop impact - boundary conditions - Representation
of the FEM model geometry and boundary conditions. The mesh used to solve
all the models isa triangle free mesh, generated with an automatic algorithm,
imposing minimum element size of 5 m
layer with elastic modulus and contact angle set as listed in tab. 3.3.
The liquid substrate was not modeled because the coupling of the two phase
uid dynamic module with a third uid phase in the structural mechanics module
returns a non-convergent solution. The LivingInk was modelled as an aqueous
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Elastic Contact
Material Category Modulus (Pa) Angle ()
Polystyrene sti 5  109 60
Medium CrossLinked Collagen medium 5  106 10
Gelatin dissolved in medium soft 5  103 3
Table 3.3: FEM of drop impact - Model parameters - In particular collagen
(concentration 3 mg/ml) was cross-linked with 10 culture medium, while gelatin
concentration was 1% w/v in medium.
solution with density of 1100 kg m 3, a dynamic viscosity of 12.3 mPa s and
a surface tension coecient of 0.07 N m (experimentally measured values).
FEM simulation results
As expected the simulations underline that the physical properties of the deposi-
tion substrate not only inuence the impact forces, but also droplet remodelling.
To investigate forces substrate strain energy values were evaluated. In fact en-
ergy stored in the droplet during the landing phase is transmitted to the sub-
strate; low values of dissipation energy mean high forces acting on the droplet,
while high dissipation energy values correspond to low forces on the droplet. To
appreciate the eect of substrate properties, the impact energy stored in the sub-
strate as a function of time is represented in g. 3.18-a. Clearly, as shown in g.
3.18-b, soft materials (with low elastic moduli) can absorb higher energy than
sti materials. The graph underlines the ability of soft substrates to reduce the
impact forces. This eect is also evident in g. 3.19, in which the droplet's
shape during and immediately after the impact with dierent substrates is rep-
resented. Starting from the top row, in the rigid domain immediately after the
impact, the droplet spreads and no deformation occurs in the substrate. Low
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Figure 3.18: FEM of drop impact - Model results - Strain energy evaluated
with the FEM model: strain energy as function of time (a) and maximum of
absorbed energy for dierent substrate stiness
Figure 3.19: FEM of drop impact - Drop shape - Droplet shape at dierent
time points after the impact with the deposition substrate. In the gure the white
domain is the substrate, in which the arrows represent its deformation
83
3. INK-JET PRINTER
strain energy is absorbed by the surface and during droplet remodelling gov-
erned by surface tension phenomena, a semi-spherical droplet is formed. In the
second and third row it is possible to observe substrate deformation due to the
impact of the droplet, corresponding to an increase of absorbed strain energy
(as shown in g.3.18-b). In particular in the soft substrate with very low contact
angle the droplet penetrates into the solid domain and much more strain energy
is absorbed.
3.7.2 Experimental validation
Printing experiments were performed using a thermal inkjet system, BioJet
(Olivetti I-Jet, Arnad, Italy), using cartridges with a droplet volume of 160
pl. Prior to lling with ink, the cartridges were sterilised with gas plasma treat-
ment. During the LivingInk printing phase the BioJet system was situated in
a sterile laminar ow hood. After printing a total of 45 l per well on the var-
ious substrates, living patterns were kept in an incubator. Approximately 30
min after printing 1 ml of medium was added to wells and viability assays were
performed at dierent time points.
Living ink preparation
3T3 broblasts (mouse embryonic broblast cell line, ATCC-LGC, UK) were
used to prepare LivingInk for inkjet experiments. Cells were cultured in DMEM
supplemented with 10 % v/v foetal bovine serum (FBS), 4 mM L-glutamine, 100
U of penicilline and 100 g of streptomycin. All the experiments were performed
using cells at the same passage (3rd). After trypsinisation and cell counting
with a haemocytometer, a suspension of 5106 cells/ml in medium was prepared
for injection into the printhead. Controls consisted of a precise volume of cell
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suspension containing the same number of cells (40,000) as printed pipetted from
the inkjet cartridge into a polystyrene well and cultured in 1 mL of medium.
Viability assay
Viability was measured using the CellTiter-Blue Cell Viability Assay (Promega,
Madison, WI, USA), based on a resazurin-based uorescent compound metab-
olized by mitochondrial cytosolic and microsomial enzymes to resorun, which
can be detected with a uorimeter at 590 nm. The CellTiter-Blue test is often
used to estimate the total number of cells in a sample because mitochondrial
activity is assumed to be proportional to the total cell population. It can also
be used to provide a measure of overall cell health between comparative popu-
lations. For the assay, 40 l of reagent was added to 400 l of media in each
well, and the uorescence emission was re-corded after 30 min and 2 h. The rate
of change of uorescence was expressed as a percentage value with respect to
control.
Experimental results
The results show a considerable dierence between soft and rigid substrates
particularly in the rst 4 h after printing g. 3.20-a. Liquid and liquid-like
substrates (i.e., medium and gelatin solutions) exhibit the ability to absorb high
impact forces and there is a linear relationship between viability and elastic
properties. These results correlate very well with the FEM analysis in g. 3.18-
b, which show a proportional relationship between adsorbed strain energy and
substrate elastic modulus. In fact on the stiest substrate (polystyrene), a very
small portion of cells survive the printing process and only after 48 h do they
start to proliferate (g. 3.20-b). For the other three substrates we did not detect
large dierences with respect to the control after 48 h. Thus the impact forces
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Figure 3.20: Viability results - Viability (percentage with respect to controls)
of printed cells on dierent printing substrates: (A) 4 h after printing; (B) at
various times after printing.
are dramatically reduced as the liquid absorbs most of the strain energy from the
impact. As a consequence of droplet coalescence however, all spatial information
on droplet positioning is lost. On the contrary the rigid substrate is not deformed
by droplet impact; the droplet has to absorb all the energy stored during the
landing phase and therefore cells are subjected to high forces and stresses which
cause a reduction in cell viability, but the drop remains in a xed position after
printing. These results have high relevance for cell bioprinting; substrates should
be designed to have a good compromise between substrate stiness to conserve
spatial patterning without droplet coalescence and the ability to absorb the
kinetic energy of droplets in order to maintain cell viability.
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Chapter 4
PAM2 and Penelope
applications
Indirect microfabrication approach using a rapid prototyping system as PAM2
allows to obtain 3D model using dierent type of materials. In this section two
examples are reported: microfabrication of gelatin-HA scaold for bone tissue
engineering and microudic circuits. In both cases low melting point molds were
used. Potential applications of Penelope inkjet printer conclude the chapter.
Thermosensible materials such as agarose and gelatin have been processed using
the temperature controlled cartridge, conductive tracks for transparent polymeric
actuators were realized printing carbon nanotubes.
4.1 PAM2 applications
4.1.1 Low-melting point molds for bone scaolds
Scaold is one of the key elements for engineering of a living tissue; it is a
three-dimensional framework that drives cellular organization, gives a temporary
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structural support and, eventually, can release bioactive molecules. Scaold ef-
ciency depends not only on the biomaterial properties, but also on macro-
and microstructures, dened on the basis of target tissue and of the fabrica-
tion technology. Hydrogels, high hydrated colloid constituted by long polymeric
reticulated chains, with natural or synthetic origin, are an ideal class of material
to realise bio-inspired scaolds thanks to their strong analogies with extracellu-
lar matrix (ECM). The repair of congenital defects that involve a loss of bone
substance caused by infection or tumor resection is of fundamental importance
in restoring the shape and function of the locomotor apparatus. Bone augmen-
tation is a common procedure to increase bone volume and allow for proper
implant placement in the alveolar bone defect (32). A good candidate for bone
tissue engineering scaold should be mimic bone extracellular matrix, which is
substantially a collagen(or gelatin)-hydroxyapatite matrix. As already stated
in the introduction of this book, to overcome the limits of hydrogel structures
fabrication using additive techniques, in this section low melting point molds
with micrometrical features made by a rapid prototyping technique, PAM2 , are
presented. A low melting point molds allow an easier extraction of the casted
material form the mold, with the nal aim to use these molds directly in the
surgery room. In this section standard molds (i.e. regular pattern and step
pyramid), compatibles with a gelatin-HA based material, are shown and used as
benchmark to nd techniques tolerances and limits. Custom geometries can be
extracted from a patient dataset following protocols described in section 1.3.2.
Material preparation
Gelatin-hydroxyapatite (Gel-HA) mixture was prepared following the subsequent
protocol1: genipin (GP), the crosslinking agent (143), was added in a 0.5% w/v
1Thanks to Dr. Francesca Montemurro
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ratio to 5% w/v gelatin solution in milliQ water; HA was then added in a
percentage of 60% and the the whole mixture was sonicated for 2 minutes at 0.2
W, using an ultrasonic probe (Vibra-CellTM, Sonics & Materials, CT, USA).
Mixture was then casted into 2D and 3D mold. 2D and 3D mold were realised
using TCS and TDP modules of PAM2 system, using a paran wax with melting
temperature of 45C. 2D molds consist of an hexagonal pattern (g. 4.2-a): one
with line of 400  300 m (wh) and side length of 2 mm, one with line of 300
 300 m (wh) and side length of 1 mm. 3D mold design is provided in g.
4.1. Twelve hours after casting, samples and molds were dipped in warm water
(50C), for 10 minutes to extract samples from the mold.
Figure 4.1: Mold design - 3D mold draft of a step pyramid. A reference frame
is designed to facilitate result discussion
Results
Scaolds obtained from 2D molds are shown in g. 4.2-b, where it is possible to
see hexagonal paths impressed on the scaold surfaces. Practically no substantial
dierences (<1%) between the desired line-width the actual one. Dierences
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Figure 4.2: 2D wax mold with nal part - Hexagonal path molds (a) and
nal result (b) obtained by casting of genipin crosslinked gelatin-HA mixture
instead are reported in case of 3D molds. Because of material shrinking due to
water evaporation, an average dierence between the desired features and their
actual sizes causes a volumetric change of 8% (average on 8 samples).
Figure 4.3: 3D wax mold with nal part - Step pyramid shaped mold (a)
and nal result (b) obtained by casting of genipin crosslinked gelatin-HA mixture
4.1.2 Microuidic circuits
Microuidics is a term that describes the research discipline dealing with trans-
port phenomena at microscopic length scales (typically 1-500 m) and compo-
nents and techniques used to control and actuate the uids. Applications regard
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areas (144) such as drug delivery, chemical synthesis, protein crystallization,
cell culture (145), point-of-care diagnositics, genetic sequencing (146), drug dis-
covery, genomics, and proteomics. Microuidics devices have the ability to do
fast, high-throughput, parallel experiments with very little reagents on a sin-
gle chip (144). The most common materials used for fabrication of microuidic
devices are silicon (147), glass (148), elastomeric polymers (149), and hard plas-
tics (150). Lithography (151) is required for fabricating microuidic systems
for most of these materials. Polydimethylsiloxane (PDMS), a bio-compatible
elastomeric material, is widely used to fabricate microuidic devices using the
soft-lithography approach (152, 153). However, using this approach there is still
the need to perform photolithography within the fabrication cycle. As already
stated in (154), the elimination of expensive equipment and materials in fab-
rication (mask aligners, spinners, photoresist etc.) could aid in the fabrication
of microuidics within academic and possibly industrial settings. The current
concept-to-device time period for PDMS-based devices is already impressive (24
hours), with the bulk of the time spent in the mold preparation within a clean
room (fabrication facility). Hydrogels could be also an attractive materials to
realize microuidic devices, through casting, for example, into appropriate mold.
Examples are reported in (92, 106) to study cell motility. Using PAM2 as fused
deposition modeling system, that is using TCS and TDP system, it is possible to
realize a complete microuidics circuits with minimum channel 400  200 m,
within hours, with a method that completely eliminates the need of a clean-room
facility, using both PDMS and geliform material.
Material and Circuit preparation
Wax patterns were deposited into petri dishes (3.5 cm ), in accord to the desired
geometry, serpentine (g. 2.13a) or hexagonal paths, with two dierent types
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of paran wax. In particular, a paran wax with higher melting point (70C,
Sigma Aldrich) was used to realize molds for PDMS, instead a low melting point
wax (45C, Sigma Aldrich) was used to realize mold for hydrogel. Hexagonal
path was characterized by a line width of 400m, line height of 300m, while
serpentine path has a line-width of 1mm and a line-height of 750 m. PDMS
(Sylgard 184, Dow Corning, NC, USA) was mixed in a 10:1 ratio of monomer
to the curing agent and then degassed for half an hour. This mixture was
then casted into the mold and thermally cured for 4 hours at 60C. The nal
circuit was obtained just removing the petri dish. An additional wash in hot
water (75C) was performed to completely remove the wax. Gelatin hydrogel
was prepared adding 0.5% genipin (143) into 5% solution of gelatin (Type A,
Sigma Aldrich) in deionized water. The mixture was then casted into the mold
and thermally cured overnight at 40C. The nal circuit was the obtained just
removing petri dish. An additional wash in warm water (40C) was performed
to completely remove the wax.
Results
Realized microuidic circuits are shown in g. 4.4 (PDMS) and in g. 4.5
(Gelatin). In case of PDMS protocol, the curing temperature was an important
parameter: in case of too high temperature, wax risks to remain entrapped into
the PDMS network (the line wax results detached from the petri dish), making
its removal impossible. This problem was not reported in case of gelatin based
microuidic circuits. Always in case of PDMS circuits, it was also possible to
perform perfusion experiments, adding inlet and outlet ports using PDMS tubes
(g. 4.4). Accuracy of realized structures are reported in table 4.1, where
statistics are taken on 10 serpentine circuits for both types of material. In
case of PDMS structures it was noted a line width almost similar to the mold,
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Figure 4.4: PDMS microuidic circuits - A one-inlet/one-outlet circuit (a)
and a two-inlets/one-outlet microuidic devices. In the small picture a magni-
cation of uid channels is present
Figure 4.5: Gel microuidic circuits - Mold (a), and nal device (b) obtained
by casting of gelatin crosslinked with genipin
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while gelatin structures denotes higher dierences (20%). In the latter case, a
very important factor is the water evaporation which leads, in some cases, to a
distortion of the structure.
Width Deviation
Material (mm) (%)
PDMS 1.00.1 <5
Gelatin 0.80.3 -20
Table 4.1: Microuidic circuit accuracy - Deviation is express as the per-
centage ratio of the dierence respect to the desired line (1mm) and the desired
line
4.2 Penelope applications
In this section other applications of Penelope inkjet printer are presented. These
topics have to be considered as ongoing research. Preliminary results are shown.
Further applications can be found in (155).
4.2.1 Printing hydrogels
One of the limiting factor in the choice of ink in the thermal inkjet printer is the
ink viscosity, and the ink surface tension. Water based diluted solutions meet
this criteria for Penelope inkjet printer, based, as discussed in section 3.2, on the
HP Deskjet 340. As already reported in section 4.1.1, hydrogels meets numer-
ous design criteria to realize scaolds, but their important changes in viscosity
(until solidication) with temperature limits their use in normal thermal inkjet
printers. As reported in section 3.3.1, an alternative method to realize agarose
microstructures overcoming temperature limitations was provided in this work.
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In addiction Penelope's cartridges and deposition plate were modied to control
cartridge and deposition plate temperature with the aim to print directly such
types of materials.
Material preparation
Agarose solutions of the desired concentrations (2, 3, 4, 5% w/v) were prepared
by gently adding agarose powder (agarose for routine use, Sigma) to deionised
water at 90C while stirring. Dissolution usually took about 30min. Penelope's
cartrige was set at 80C, and lled with hot agarose solution. A grid pattern
was printed onto a glass slide at a temperature of 25C. Gelatin solution of the
desired concentration (0.5% w/v) was prepared by gently adding gelatin powder
(type A, Sigma) to deionised water at 50C while stirring. Gelatin solution was
printed onto an agarose solution (3, 4% w/v) in DMSO, taking advantage of the
gelation method explained in 3.3.1. Cartridge temperature was set at 39C to
avoid nozzles lock.
Preliminary results
Agarose printing results are shown in g. 4.6, which refers to a 3% w/v agarose
concentration. Printing 5% w/v solution was considered the maximum limit
achievable with Penelope inkjet printer, because the high viscosity causes several
missed-print. Coee ring eect (156), satellite drops may be present. More
promising results are instead achieved printing gelatin. Preliminary results (g.
4.7) indicates the possibility to obtain a composite scaold: a functional part,
the white web due to gelatin, immersed into a structural framework made in
agarose.
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Figure 4.6: Agarose printing - Agarose printed pattern. The darker spots at
the center of each printed drop (more visible in the enlargement, in the box), can
be addressed to the so-called coee-ring eect. Satellite drops are also visible
Figure 4.7: Gelatin printing - SEM micrographies of gelation (0.5% w/v in
water) printed on agarose substrate (3% w/v in water)
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4.2.2 Printing CNTs
This part of research was performed in collaboration with Dr F. Carpi at Inter-
departmental Research Center \E. Piaggio".
Within the emerging eld of polymer based mechatronics, soft materials
showing intrinsic electromechanical transduction properties are being largely
studied to develop new types of actuators. Among them, so called dielectric
elastomer actuators (DEAs) are one of the most promising (157, 158). DEA rely
on a simple working principle that can be described with reference to the most
elementary conguration: a thin layer of insulating elastomer, coated with two
compliant electrodes, so as to form a deformable capacitor. The application of a
voltage dierence V between the electrodes (separated by a distance d) produces
an electrostatic pressure p that stresses the dielectric elastomer, causing thick-
ness squeezing and surface expansion. This pressure has the following expression
(eq. 4.1) in the direction orthogonal to the electrodes (i.e. parallel to the electric
eld E) (157, 159):
p = "0"r (V=d)
2
= "0"rE
2 (4.1)
where "0 is the dielectric permittivity of vacuum and "r is the relative dielectric
constant of the elastomer. Dielectric elastomer actuators (DEAs) show promise
for a huge number of possible elds of application. A signicant eld of interest
with huge market deals with the development of vibro-tactile displays for con-
sumer electronics. One of the most signicant challenges is the lack of viable
solutions to obtain stretchable optically transparent electrodes. Such kinds of
electrodes could enable many applications that today are completely precluded
to the state-of-the-art materials used for compliant electrodes (160). The proper-
ties and applications of carbon nanotubes (CNTs) have been very active research
eld over the last decade (161). CNTs possess high exibility, low mass density,
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high tensile moduli and strength. Carbon nanotubes (CNTs) are also well known
for their excellent electrical properties (162, 163) but it is still dicult to transfer
these properties into applications. One big hurdle is to disperse the CNTs, they
tend to form bundles (161). A thin layer of CNTs, with the layer thickness as
the parameter which determines the sheet resistance and the transparency at
the same time, could be a solution.
Experimental setup
The SWNT powder was dispersed with sodium dodecyl sulfate (SDS) (1% w/v)
in deionized water in concentration of 0.01% w/v, and sonicated, followed by
the centrifugation1. The SWNT dispersion was then printed using Penelope
inkjet printer (g. 4.8-a) over the sticky surface of the reference lm used for
dielectric elastomer actuation, the acrylic-based VHB bi-adhesive transparent
tape by 3M. The printed shape was a circle with a diameter of 15 mm and
a resolution of 300 dpi. The same shape was printed several times over the
same area, turning the substrate of certain degrees to obtain an homogenous
substrate. Experimental setup are summarized in table 4.2. For contacting the
exible transparent conducting lms alumina foil glued with carbon ber or
carbon paste was used.
Number Orientation Resistance
of layers (deg) (M
)
5+5 90 2.00.1
5+5+5 45 0.360.02
10+10+10 45 0.290.02
Table 4.2: CNTs printing experiments
1Thanks to Dominik Nemec, Fraunhofer Institute for Manufacturing Engineering and Au-
tomation IPA, Stuttgart
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Results
Printing results (summarized in terms of measured resistance (tab.4.2)) are
shown in g. 4.8-b. The main problem encountered during printing CNTs
dispersion was due to the presence of the surfactant SDS which reduces the
surface tension. For this reason, the external part of the nozzles can be wet-
ted, preventing the drop to \leave" the cartridge. This problem was resolved
drying the external part of the nozzle before starting the experiment. To bet-
ter understand these results, they are compared with those obtained using the
spray coating method. The same area (15 mm) coated with 160 layers of CNTs
dispersion using airbrush have a resistance of 0.80.1
. A quantitative analy-
Figure 4.8: CNTs printing using Penelope - CNT printing process (a), and
nal results (b)
sis, in terms of layer thickness, was not performed because beyond the scope of
this work that was to show the feasibility of this method to realized stretchable
and transparent electrodes. In terms of optical transparency, the spray coating
method gives a better result, but analyzing the whole process, the inkjet printer
method gives more exibility, reducing time and allowing to shape the conduc-
tive pattern without the use of any mask. Optical properties problem, should
be overcome just increasing the printer resolution and decrease the drop size.
In terms of actuation (g. 4.9), printed and sprayed electrodes do not show
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valuable dierences, with an average displacement of 500 m.
Figure 4.9: Polymeric actuator with printed CNTs electrodes - Poly-
meric actuator with printed transparent electrodes. It is possible to note, in
transparency, the cherub, symbol of University of Pisa
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Conclusion
The main aim of the present research was to investigate the potentiality of
the indirect -fabrication with a Rapid Prototyping approach (iRP) to realize
scaold for Tissue Engineering applications. The iRP oers the benets to
fabricate scaold by casting (dierent) materials into a sacricial mold realized
by RP technology. One of the critical aspect of this class of realization process is
the extraction of the nal object. At the beginning of this research mechanical
extraction or dissolution of the mold into an organic solvent represented the only
valid alternatives in case of polymeric scaolds.
A possible solution, emerged in this work, was to realize the mold with low
melting point material, and then dissolve the mold in warm water at the end of
the process without damaging the scaold.
Moving in this direction, the attention of this research was focused on two
class of materials, low melting point waxes and hydrogels, and two dierent mi-
crofabrication techniques: new modules of PAM2 system and a drop on demand
printer have been designed and realized to test the feasibility of this approach.
PAM2 belongs to continuous ow microfabrication systems: it was designed
to realize scaolds with a well dened topology using a variety of biomaterials.
It follows a modular approach: various microfabrication devices (modules) can
be placed on a robotic positioning system with three orthogonal axis. Air or
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piston pressure and a laser light can be used a driving force to realize complex
structures. Two additional devices were purposely designed during this research
to control the temperature of the reservoir and of the deposition plane, allowing
PAM2 to work as fused deposition modeling system. Low melting point molds,
with micrometrical features, were realized processing paran waxes thanks to
these new modules using air pressure as driving force. In particular all working
parameters have been characterized both from an theoretical and experimental
point of view: drop formation, the interaction between wax and the deposition
plane and the material shrinking due to solidication were evaluated. On the
basis of the results of these analyses the relations between plate velocity and
extrusion pressure were optimized to obtain reproducible and structures.
Two-dimensional and three-dimensional molds were used to fabricate scaf-
folds for bone tissue engineering. Hydroxyapatite dispersed in gelatin gel cross-
linked with genipin was used as template material: casting of this mixture into
molds with regular architecture (i.e. repetitive patterns and step pyramid) was
used to evaluated tolerances and geometrical accuracy. The use of a porogen
agent (to obtain porous scaolds) and tests with other materials, also including
cells, are the next steps in this research that, at the present, has been demon-
strated to be promising. Microuidic circuits using PDMS and gelatin were re-
alised to further demonstrate the feasibility and the versatility of this approach:
signicant results in terms of accuracy and time/cost reduction were obtained.
The second fabrication technology investigated during this research was the
thermal inkjet, a drop on demand approach. Two dierent prototypes of inkjet
printer, Penelope, were realized. A purposely written software was also devel-
oped to control main parameters of the system (cartridge and deposition plane
temperature) and to manage images to be printed. In addiction this system was
found to be easily connected with an image analysis software, OsiriX, for which
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two plugins, for image denoising and segmentation, have been written during
this research. Penelope inkjet printer was used to propose an alternative ap-
proach to fabricate agarose microstructure, by exploiting the dierent agarose
gelling ability in DMSO and water. In particular, agarose solution in a mix-
ture of water and DMSO does not gel if water is below a certain concentration:
an increase of the local water concentration induces the mixture to form a gel.
Well dened hydrogel microstructures were so obtained printing water on a sub-
strate of agarose dissolved in DMSO. The modeling of this process was discussed
in a dedicated section, and machine working parameters were tuned to obtain
regulate resolution and accuracy.
Agarose gel nd application in many research areas, from life science to
electronic and crystallography: the proposed new fabrication method can be
applied for example to obtain precise patterning of molecules xed in agarose
gel, or molds for tissue engineering application can be easily fabricated in the
desired shaped. Agarose gel mechanical properties can be easily tuned by chang-
ing agarose concentration, but also adding a ller (such as hydroxyapatite) or
an additive (such as sucrose): these indications can be easily translated into
Penelope application for example printing a sucrose solution onto an agarose-
HA mixture in DMSO to obtain a stier structure. Preliminary test printing
other materials have been performed. In particular a low concentrated gelatin
solution was printed on agarose substrate following the mechanisms described
above obtaining a gelatin network sustained by a stier agarose matrix. A dis-
persion of carbon nanotube was printed using Penelope inkjet printer to realize
transparent electrodes for polymeric actuators, overcoming the problems linked
to surfactants (to low surface tension) needed to suspend CNT. It is straight-
forward to see how CNT can be printed onto an agarose substrate to obtain
conductive patterns for, for example, for neural tissue engineering application.
103
CONCLUSION
Penelope, as other similar inkjet printers, can be used to print living cells. Dur-
ing the printing process cells are subjected to mechanical and thermal stresses.
While mechanical and thermal stresses into the cartridge have been deeply in-
vestigated by several groups, in this research stresses induced by the landing
phase have been analyzed using a nite element model. Simulation results have
shown good correlation with cellular experiments.
From all examples reported above, research on indirect microfabrication with
a rapid prototyping approach, conducted to the develop of new devices and new
approaches to fabricate hydrogel microstructures. Several improvements and
further tests are needed: the road to obtain a living organ starting from elemen-
tary blocks is still long, but, building something quickly, testing the boundaries
of what can be done, involving continuous improvement and iteration perhaps
is the right, or the fastest, way.
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